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11.  Summary  of  Work  Performed  Under  This  Contract 

The  rapid  evolution  of  high  density  integrated  circuits  has  required  a  careful  examina¬ 
tion  and  control  of  all  the  vital  materials  involved.  The  thin  insulating  layer  (Si02)  used  for 
the  MOSFETs  is  a  crucial  material  that  has  required  this  work  which  is  the  focus  of  this 
contract.  In  addition,  the  background  that  has  been  developed  concerning  the  injection  of 
electronic  current  into  this  material  from  either  silicon  or  from  an  external  gate  conductor  has 
enabled  us  to  significantly  reduce  the  voltage  required  for  the  onset  of  current  injection  by 
using  thin  (100-250  A)  silicon  rich  layers  near  the  electrodes.  This  has  application  for  use  in 
writing  and  erasing  charge  storage  devices.  The  practical  importance  of  this  application  has 
required  a  partial  shift  in  emphasis  as  this  project  has  progressed. 

The  initial  statement  of  work  to  be  performed  on  the  contract  is  listed  below. 

1.  Completion  of  the  study  of  the  oxidation  of  polycrystalline  silicon  including 
/ 

the  investigation  of  means  to  reduce  the  asperities  normally  present  on  poly¬ 
crystalline  silicon. 

2.  Completion  of  the  work  on  the  effect  of  electron  traps  in  the  electrical 
breakdown  of  Si02-  This  will  include  measurements  on  the  effect  of  field 
distortion  deliberately  introduced  by  trapping  charge  on  impurity  sites  to  learn 
more  about  the  breakdown  mechanism. 

3.  We  have  observed  the  importance  of  the  post  oxidation  annealing  procedure 
on  electron  trapping  in  normal  dry  Si02  as  measured  at  77°K  and  300°K; 
however,  the  optimum  annealing  procedure  is  different  for  the  two  tempera¬ 
tures.  We  would  like  to  gain  an  understanding  of  these  effects  by  varying  the 
gas  ambient  used  and  by  using  the  photo  I-V  technique  to  determine  the 
location  of  the  traps. 
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4. 


Completion  of  our  investigation  of  the  exciton  model  as  an  explanation  for  the 
interface  state  generation  at  the  Si-Si02  interface  resulting  from  the  applica¬ 
tion  of  non  penetrating  VUV  radiation  to  the  Si02  with  negative  gate  bias. 


5.  Completion  of  studies  of  photo  detrapping  of  electrons  trapped  on  implanted 
As  and  P  sites.  This  includes  the  understanding  of  the  effect  of  optical  inter¬ 
ference  on  the  results. 

6.  The  results  obtained  to  date  have  suggested  new  device  possibilities  tor 
applications  similar  to  those  currently  filled  by  MNOS  and  FAMOS  devices. 
We  plan  to  investigate  these  devices  further  to  see  if  they  warrant  further 
development. 

7.  During  the  second  year  we  will  evaluate  the  properties  of  oxides  made  by  the 
high  pressure  facility. 

In  the  discussion  that  follows,  the  reference  numbers  will  refer  to  the  list  of  papers  published 
contained  in  section  III  of  this  report. 

The  oxidation  of  polycrystalline  silicon  is  discussed  in  papers  13  and  14  based  on  the 
work  done  by  Irene,  Tierney  and  Dong.  The  work  proposed  on  electrical  breakdown  of  Si02 
has  not  been  completed  due  to  the  increased  emphasis  on  charge  storage  devices.  The  work 
on  electrical  trapping  in  Si02  has  been  reported  in  papers  8.  27,  28  and  29.  In  addition,  we 
have  been  able  to  learn  more  about  the  microscopic  details  of  the  water  related  traps  using 
attenuated  total  reflectance  IR  spectroscopy  (30).  It  has  been  possible  to  make  oxides 
recently  with  an  extremely  low  electron  trapping  rate  (28).  This  work  has  been  done  by 
Young,  Irene,  DiMaria,  Massoud,  Feigl,  Lai,  Calise,  and  Hartstein.  We  were  fortunate  to  have 
Professor  Frank  Feigl  with  us  for  four  months  on  leave  from  Lehigh  University,  who  worked 
on  the  effect  of  water  diffusion  on  the  trapping  characteristics  (29). 


3 


The  work  on  the  exciton  model  has  resulted  in  a  publication  (6)  with  the  question  still 
remaining  concerning  the  validity  of  the  proposed  exciton  model.  This  work  was  done  by 
Weinberg,  Young,  DiMaria,  and  Rubloff.  The  electron  trapping  and  detrapping  characteristics 
of  arsenic  implanted  Si02  layers  has  been  studied  by  DeKeersmaecker  and  DiMaria  (9,22)  and 
has  shown  that  implanted  As  results  in  a  trap  with  a  relatively  large  trapping  cross  section  and 
that  electrons  trapped  on  this  site  can  be  detrapped  using  light. 

As  indicated  earlier  a  major  emphasis  has  been  placed  on  studies  relating  to  the  use  of 
thin  Si-rich  Si02  layers  to  enhance  the  injection  of  electronic  current  from  electrodes  (Si  or 
Al)  into  Si02.  This  work  has  been  "spearheaded"  by  DiMaria  and  has  been  done  by  DiMaria, 
Dong,  Irene,  Chou,  Ghez,  Hartstein,  Kucza,  Tsang,  DeMeyer  and  Serrano  as  reported  in  7.  15, 
17,  19,  20,  21,  23,  24  and  26.  This  work  has  progressed  rapidly  and  we  are  enthusiastic  about 
the  use  of  this  technology  in  future  products.  The  operation  of  these  "charge  injectors" 
depends  on  the  two  phase  nature  of  Si  rich  Si02.  The  Si  particles  are  small  and  densely 
packed.  The  electric  field  is  enhanced  by  the  presence  of  these  particles  and  as  a  result 
electron  current  is  injected  at  a  reduced  field.  By  using  two  layers  (one  near  the  control  gate 
and  one  near  the  charge  trapping  storage  layer  or  floating  gate)  it  is  possible  to  write  and 
erase  (charge  and  discharge  the  floating  gate)  using  voltages  that  are  compatible  with  those 
that  can  be  produced  by  the  selection  circuits  located  on  the  same  silicon  chip.  The  presence 
of  these  silicon  rich  layers  does  not  degrade  the  charge  storage  characteristics  of  the  floating 
gate  with  the  lower  voltages  applied  for  the  reading  process.  Pleasant  surprises  have  been  the 
excellent  reproducibility  of  the  current  voltage  characteristics  even  when  the  materials  are 
made  in  different  furnaces,  the  large  injection  currents  that  can  be  obtained,  and  the  observa¬ 
tion  that  the  presence  of  the  silicon  rich  regions  inhibits  premature  electrical  breakdown 
effects.  A  major  limitation  at  the  present  time  results  from  electron  trapping  in  the  CVD-SiO, 
region  located  between  the  two  Si-rich  SiOz  layers. 
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This  limits  the  number  of  write-erase  cycles  to  about  106  at  the  present  time.  We  are 
trying  to  use  our  background  in  electron  trapping  to  reduce  the  trapping  rate  and  hence, 
increase  the  number  of  write-erase  cycles. 

We  have  not  been  able  to  study  the  transport  properties  of  high  pressure  oxides  since 
our  high  pressure  oxidation  facility  is  not  yet  functional.  Some  measurements  have  been  made 
by  Irene,  Zeto  and  Dong  on  high  pressure  oxide  samples  supplied  by  Zeto  of  the  Fort  Mon¬ 
mouth,  NJ  Laboratory  (12).  Our  work  on  the  effects  of  radiation  continues  as  reported  by 
OiMaria,  Ephrath  and  Young  (5),  and  by  Aitken  (10.11).  Work  on  hole  trapping  has  been 
reported  by  DeKeersmaecker,  DiMaria,  and  Aitken  (16,31)  and  we  have  detected  the  presence 
of  holes  trapped  in  the  "bulk"  of  the  Si02  for  the  first  time  in  this  work.  The  later  reference 
(31)  shows  that  the  neutral  traps  generated  by  radiation  will  trap  holes  as  well  as  electrons. 

As  a  result  of  problems  arising  in  a  manufacturing  line,  we  have  observed  that  Al 
inadvertantly  left  on  the  surface  of  a  wafer  can  "float"  up  as  the  oxide  is  grown  and  be  left  at 
an  interface  between  thermal  Si02  and  CVD  Si02.  The  measurement  techniques  we  have  are 
capable  of  detecting  an  extremely  small  amount  of  Al  at  this  interface.  This  is  discussed  in 
(25)  based  on  the  work  of  DiMaria,  Reuter,  Young,  Pesavento  and  Calise.  This  work  shows 
the  crucial  imprortance  of  the  wafer  cleaning  process  if  an  insulator-insulator  interface  is  used. 


MAJOR  ACCOMPLISHMENTS 


1 .  Charge  injector  structure  developed  to  charge  and  discharge  floating  gate  devices. 

2.  Water  related  trapping  centers  identified  using  attenuated  total  reflectance  I.R. 
spectroscopy. 

3.  Techniques  have  been  developed  to  make  Si02  layers  with  an  ultra  low  electron 
trapping  rate. 

4.  Holes  have  been  trapped  in  the  bulk  of  the  Si02  on  neutral  traps  generated  by 
radiation. 

5.  The  effect  of  grain  boundaries  on  the  oxidation  of  polysilicon  has  been  investigated. 

6.  Annealing  of  radiation-induced  positive  charge  has  been  compared  for  A1  and  polysili¬ 
con  gate  electrodes. 

7  Residual  stress,  etch  rate,  refractive  index  and  density  have  been  measured  for  Si02 

prepared  using  high  pressure  oxygen. 

8.  Effect  of  low  temperature  (<  300°C)  water  diffusion  on  the  electron  trapping  in  Si02 
has  been  investigated. 
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with  the  technical  assistance  of  J.  A.  Bradley  and  R.  E.  Fern 

IBM  -  Thomas  J.  Watson  Research  Center 
Yorktown  Heights,  New  York 


ABSTRACT 


Raman  scattering  and  optical  transmission  measurements  have  been  made  on  CVD  deposited 
Si  rich  Si02  films  (SIPOS).  The  measurements  show  seggregated  regions  of  amorphous  silicon 
in  the  as-deposited  films.  Annealing  the  films  at  1 1  SO  C  completely  crystallizes  the  amorphous 
silicon.  Annealing  at  lower  temperatures  produces  films  with  both  amorphous  and  crystalline 
regions. 
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Currently,  there  is  much  interest  in  silicon  rich  silicon  dioxide  films  (commonly  called 
semi-insulating  polycrystalline  silicon,  SIPOS)  for  passivation1,2  and  non-volatile  memory 
device3'4  applications.  Previous  investigations  using  Auger  electron  spectroscopy  (AES), 
X-ray  diffraction,  transmission  electron  microscopy  (TEM),  and  X-ray  photoelectron  spectros¬ 
copy  (XPS)  have  shown  the  presence  of  elemental  silicon  and  various  silicon  oxide  phases  in 
these  films3'6.  The  exact  nature  of  the  Si  regions,  whether  they  are  crystalline  or  amorphous, 
is  not  readily  determined  in  these  films,  particularly  for  oxygen  concentrations  greater  than 
40%.  where  the  silicon  microcrystals,  if  they  exist  at  all,  are  less  than  10  A  in  size3.  For  Si 
rich  Si02  films  annealed  at  temperatures  greater  than  900  C,  larger  microcrystals  have  been 
observed  (<  100  A),  whose  size  increases  with  annealing  temperature  and  is  only  weakly 
dependent  on  oxygen  concentration3. 

In  this  study,  Raman  spectroscopy  has  been  used  to  show  directly  that  as-deposited  Si  rich 
SiOj  films,  with  excess  Si  concentrations  <  13%,  contain  regions  of  amorphous  silicon  which 
crystallize  with  annealing  treatments.  Only  after  annealing  at  1 1 50  C  are  the  amorphous 
silicon  regions  completely  crystallized.  A  transition  region  is  shown  to  exist  for  annealing 
temperatures  intermediate  between  the  deposition  temperature  and  the  highest  annealing 
temperature  (1150  C).  Optical  transmission  measurements  in  the  visible  for  both  as-deposited 
and  annealed  Si  rich  Si02  films  support  the  Raman  scattering  results. 

The  Si  rich  SiC)2  films  used  in  this  study  were  chemically  vapor  deposited  (CVD)  at  700  C 
on  both  sapphire  substrates  to  a  thickness  of  3000  A  and  quartz  substrates  to  a  thickness  of 
1000  A  for  the  Raman  and  the  optical  transmission  measurements,  respectively.  Using 
techniques  previously  described7,  the  CVD  Si  rich  Si02  layers  contained  46%  atomic  Si  and 
were  fabricated  using  a  ratio,  R0,  of  the  concentration  of  N20  to  SiH4  in  the  gas  phase  equal 
to  3.  Annealing  was  performed  sequentially  at  higher  temperatures  (800  to  1150  C)  in  N2  for 
30  min.  with  the  sample  surface  cleaned  prior  to  each  anneal.  Cleaning  was  performed  in 


14 


alkali  and  acid  peroxide  solutions  using  a  procedure  similar  to  that  used  by  Irene8  but  without 
HF. 

The  Raman  spectra  were  excited  by  the  51 45  A  line  of  an  Ar+  laser  and  measured  in  the 
backscattering  geometry.  The  samples  were  studied  at  room  temperature  and  the  scattered 
light  analyzed  by  a  conventional  double  monochromator.  Figure  1  shows  the  Raman  spectra 
obtained  from  the  as-deposited  and  annealed  3000  A  Si  rich  Si02  films.  The  Raman  lines  due 
to  the  underlying  sapphire  substrate  have  been  suppressed  in  the  figure. 

The  Raman  spectra  of  crystalline  and  amorphous  silicon  (a-Si)  differ  considerably9- 10 
The  Raman  spectrum  of  crystalline  silicon  shows  a  single  strong  line  at  «525  cm1.  This  is  due 
to  scattering  from  the  three-fold  degenerate,  k»0  optical  phonon  of  Si.  The  Raman  spectrum 
of  a-Si  shows  no  sharp  lines  for  frequency  shifts  above  200  cm'1  but  rather  a  broad  assymme- 
tric  continuum  peaked  near  480  cm'1.  This  continuum  arises  from  the  relaxation  of  the  normal 
Raman  selection  rules  for  scattering  from  a  crystal  due  to  the  loss  of  translational  symmetry  in 
the  amorphous  state. 

In  figure  1  the  as-grown  film  and  the  film  following  an  annealing  step  at  800  C  show  no 
evidence  for  any  sharp  line  in  the  Raman  scattering  near  525  cm'1.  The  spectra  is  in  fact 
identical  to  that  observed  for  amorphous  silicon9-10.  For  the  1000  C  anneal,  and  possibly  for 
the  900  C  anneal  as  well,  we  observe  both  the  continuum  scattering  and  the  sharp  line  at  525 
cm'*.  For  the  1150  C  anneal  we  observe  only  a  single  sharp  line  at  525  cm'1.  This  spectrum 
is  identical  to  that  measured  on  single  crystal  and  poly  crystalline  silicon. 

In  figure  2  we  show  the  optical  density  of  a  1000  A  thick  film  both  as-deposited  and 
following  an  anneal  at  1000  C.  The  film  was  deposited  on  a  quartz  substrate,  and  the 
transmission  was  measured  in  a  double  beam  spectrometer  with  a  quartz  blank  in  the  reference 
beam.  The  optical  absorption  of  amorphous  silicon  is  characterized  by  a  broad  featureless 
continuum  beginning  at  about  1.0  eV".  In  contrast,  the  absorption  of  crystalline  or  polycrys- 


talline  silicon  shows  considerable  structure  in  the  energy  region  between  1  and  4  eV".  This 
structure  is  due  to  density  of  states  effects  associated  with  critical  points  in  the  band  structure 
of  the  crystal.  The  loss  of  translational  symmetry  in  amorphous  silicon  smears  out  this 
structure.  We  find  that  the  annealed  film  shows  structure  which  is  absent  in  the  as-deposited 
material.  These  results,  combined  with  the  Raman  scattering  results,  strongly  suggest  the 
presence  of  a-Si  regions  in  these  Si  rich  Si02  films. 

The  Raman  scattering  results  were  checked  on  similar  films  deposited  on  crystal  silicon 
substrates.  The  as-deposited  films  showed  the  a-Si  signal,  but  it  was  not  possible  to  repeat  the 
annealing  studies  since  the  substrate  already  exhibits  the  crystal  silicon  Raman  signal.  Films  of 
various  thicknesses  were  also  studied  to  confirm  that  the  a-Si  regions  are  a  bulk  effect  and  not 
a  surface  effect.  Additional  values  of  the  excess  silicon  concentration  in  the  films  were  also 
studied  with  similar  results. 

From  these  experiments  we  conclude  that  the  Si  rich  Si02  films  contain  regions  of 
amorphous  silicon  within  a  SiOz  matrix.  These  regions  are  distributed  throughout  the  bulk  of 
the  film  and  are  quite  possibly  the  same  size  (<  100  k)  as  the  size  of  the  crystal  silicon 
regions  found  in  the  annealed  films  These  small  amorphous  silicon  regions,  crystallize  at 
temperatures  considerably  above  those  required  to  crystallize  amorphous  silicon. 

We  wish  to  thank  J.  A.  Bradley  and  R.  E.  Fern  for  invaluable  technical  assistance. 
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Figure  1  shows  the  Raman  scattering  spectra  for  Si  rich  SiOi  films  as-deposited  and  annealed 
at  various  temperatures. 


Figure  2  shows  the  optical  density  for  Si  rich  SiOz  films  both  as-deposited  and  following  a 
1000  C  anneal. 
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Abstract:  Impurities  initially  present  on  a  Si  surface  can  be  detected  using  the  photo  I-V 
technique.  An  A1  impurity  deposited  to  a  thickness  less  than  8  A  on  a  silicon  substrate  which 
was  subsequently  oxidized,  capped  by  a  chemically  vapor  deposited  (CVD)  Si02  layer,  and 
incorporated  into  a  capacitor  structure  with  an  A1  gate  electrode  was  found  mostly  near  the 
interface  between  the  thermal  and  CVD  oxides  using  the  photo  1-V  technique.  This  impurity 
layer  which  was  probably  converted  to  Ai203  showed  greatly  enhanced  electron  trapping 
compared  to  either  oxide  layer. 


*  This  research  was  supported  by  the  Defense  Advanced  Research  Projects  Agency,  and  was 
monitored  by  the  Deputy  for  Electronics  Technology  (RADC)  under 
Contract  No.  F19628-78-C-0225 
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Yoshino  et  al.  have  shown  that  the  metal  particle  (Pt)  trapping  layer  in  dual  dielectric 
structures  composed  of  metal-CVD  Si02-metai  (10  A  of  Pt)-thermal  Si02-Si  (MOMOS) 
structures  can  be  moved  relative  to  the  Si-thermal  SiO,  interface  by  animating  in  oxygen  at 
temperatures  between  650-850°C  [1].  This  was  demonstrated  usin#  sputter  Auger  techniques 
which  showed  that  the  substrate  Si  surface  was  further  oxidized  by  the  annealing  with  the 
oxygen  diffusing  through  the  Pt  region.  This  increase  in  tjjte  thermal  oxide  thickness  moved 
the  Pt  layer  further  away  from  the  Si-Si02  interface.  The  experiment  described  here  is  a 

o 

variation  of  that  of  Yoshino  et  al.  In  our  experiment,  A)  of  <  8  A  thickness  is  deposited 
directly  on  the  Si  substrate,  the  Si  is  oxidized,  capped  with  a  CVD  Si02  layer,  and  then 

metallized  for  gate  electrode  contact.  It  will  be  shown  here  using  the  photo  I-V  technique 

*s 

[2-4]  that  the  Al  or  Al  converted  to  A1203  is  found  mostly  near  the  interface  between  the 
CVD  Si02  and  thermal  Si02.  Any  Al  that  segregates  into  the  Si  substrate  during  oxidation  is 
not  detected  by  the  photo  l-V  technique  which  is  sensitive  to  internal  electric  fields  generated 
by  trapped  charges  on  impurity  related  sites  only  in  the  SiCK  layer  [  2-4  ] .  This  Al  or  AUOj 
layer  has  a  high  trapping  probability  (ratio  of  the  number  of  trapped  carriers  to  the  number  of 
injected  carriers)  for  electrons  and  can  be  easily  detected  using  the  techniques  discussed  in  this 
paper.  This  study  also  demonstrates  the  serious  problem  that  even  a  small  amount  of  surface 
contaminant  on  an  improperly  cleaned  Si  wafer  might  cause  in  multilayer  dielectric  structures 
particularly  when  trapped  electron  build-up  in  the  insulator  is  not  desired.  An  example  of  this 
would  be  in  field  effect  transistors  (FETs)  where  a  passivation  layer  like  phosphosilicate  glass 
or  Si3N4  is  used  on  top  of  a  gate  Si02  layer  and  hot  electron  injection  effects  into  the  Si02 
layer  from  the  Si  surface  channel  or  junction  regions  are  occurring  [5).  Due  to  the  presence  of 
the  metal  contaminant  at  the  phosphosilicate  or  Si,N4  interface  with  the  Si02,  trapped 
electrons  originally  injected  from  the  Si  during  transistor  operation  would  build-up  in  the  metal 
impurity  layer  and  affect  the  operation  of  the  transistor  by  the  internal  electric  field  generated 
by  the  trapped  electrons. 

The  samples  were  prepared  by  depositing  <  8  A  of  Al  on  one  half  of  a  2  ficm  p-Si 
substrate  which  was  subsequently  oxidized  at  1000°C  in  02  to  a  thermal  Si02  thickness  of 
240  A.  Then  a  200  A  thick  CVD  Si02  layer  was  deposited  at  700°C  with  a  ratio  of  [N201  to 
[SiH4]  of  100.  Following  this  step,  surface  cleaning  and  a  1000°C  anneal  in  N2  for  30  min 
were  performed.  Al  gate  electrodes  with  a  thickness  of  135  A  and  an  area  of  .005  cm2  were 
then  evaporated  through  a  shadow  mask  from  an  rf  heated  crucible  in  a  vacuum  chamber 
under  10~h  Torr  pressure.  Finally,  a  pos'-metallization  anneal  in  forming  gas  (90%  N2  and 
10%  H2)  gas  was  done  at  400°C  for  30  minutes  to  reduce  surface  states  at  the  Si-thermal 
Si02  interface  and  reduce  water-related  trapping  sites  in  the  CVD  Si02  layer  The  half  of  the 
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sample  which  did  not  have  the  <  H  A  layer  of  A!  initially  deposited  on  the  Si  will  be  referred 
to  as  the  control  structure.  Electrons  were  injected  from  the  Si  substrate  or  A1  gate  contacts 
by  avalanche  injection  of  the  Si  [4,6)  or  by  internal  photoemission  from  the  Si  or  A1  (4,7], 
The  centroid  of  the  trapped  charge  distribution  was  determined  using  the  photo  1-V  technique 
[2-4].  The  experimental  apparatus  employed  in  these  techniques  has  been  discussed  before 
[4.8].  The  rate  of  build-up  of  charge  in  the  trapping  layer  was  measured  using  avalanche 
injection  with  flatband  voltage  tracking  techniques  which  are  described  in  previous  publica¬ 
tions  [9].  Samples  were  stored  in  an  N2  dry  box  when  not  in  use.  All  measurements  were 
done  at  room  temperature. 

Figure  1  shows  the  centroid,  5.  of  negative  trapped  charge  in  the  MOMOS  structures 
as  a  function  of  the  number  of  trapped  charges  per  unit  area,  N.  From  this  figure,  the 
centroid  is  clearly  not  a  function  of  the  number  of  trapped  charges,  the  injecting  interface  (Al 
or  Si)  used  to  get  the  carriers  into  the  oxide  layers,  or  the  type  of  injection  used  (avalanche  or 
internal  photoemission).  The  quantities  N  and  if  were  determined  from  comparisons  of  the 
photocurrent  as  a  function  of  gate  voltage  (photo  I-V)  characteristics  before  and  after 
charging  and  the  photo  1-V  relationships  [2-4]  These  relationships  are 

x/L  =  (1  —  AV~/AV*)_ '  and  N  =  f(AV"~AV*)/(qL)  where  L  is  the  total  stack  oxide 
thickness,  r  is  the  permittivity  of  Si02.  q  is  the  charge  on  an  electron,  and  AV*  are  the 
voltage  shifts  between  photo  I-V  characteristics  of  samples  before  and  after  charging  for 
positive  and  negative  gate  voltages,  respectively. 

Also,  figure  1  shows  x  as  a  function  of  the  increment  in  the  number  of  trapped 
electrons,  AN,  between  each  charging  sequence.  The  centroid  is  invariant  with  a  value  of 
«  220  A.  Also,  the  centroid  of  the  A!  distribution  which  is  determined  using  secondary  ion 
mass  spectrometry  (SIMS)  and  the  location  of  the  CVD  Si02-thermal  Si02  interface  (200  A 
from  the  surface)  are  shown  in  Fig.  1.  As  seen  in  this  figure,  the  agreement  of  the  Al  and 
trapped  negative  charge  centroid  positions  is  good  with  most  of  the  Al  and  charge  being  found 
near  the  CVD  Si02-thermal  Si02  interface. 

No  electron  trapping  was  seen  on  the  controls  (without  the  <  8  A  Al  layer)  for 
charging  conditions  equivalent  to  those  used  in  Fig.  i.  The  MOMOS  structures  showed  a  very 
high  initial  trapping  probability  (<  1)  as  a  result  of  the  initial  contamination  of  the  Si 
substrate  surface  with  a  very  small  amount  of  deposited  Al. 

In  Figure  2  the  SIMS  profiles  of  27A1+  and  10Si+  are  shown  for  the  structure  used  in 
Figs.  1.  The  analysts  system  used  in  this  study  is  described  elsewhere  [10].  The  Al  centroid 
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position  used  in  Fig.  1  is  deduced  from  the  SIMS  data  of  Fig  2.  The  focused  Ar+  beam 
(150  jim  in  diameter)  was  raster  scanned  over  an  area  of  1100  x  1200  /un  accepting 
secondary  ion  signals  from  the  central  5%  of  the  crater  only.  Initial  studies  indicated  the  need 
for  charge  compensation  during  the  course  of  the  analysis.  This  was  achieved  by  using  a 
30  fiA  2  KeV  e-beam  co-aligned  with  the  ion  beam  and  defocused  so  that  the  flood  gun 
covered  an  area  slightly  larger  than  the  crater  dimension.  As  seen  in  Fig.  2,  the  Si  signal 
drops  sharply  when  the  Si02-Si  interface  was  reached.  Based  on  earlier  studies  [11],  no 
change  was  expected  or  found  in  the  Si  signal  going  through  an  Si02-Si  interface  when  using 
an  02+  beam  under  normal  incidence.  For  this  reason,  an  Ar+  beam  was  used  rather  than  an 
02+  beam.  The  oxide-substrate  interface  was  fixed  at  the  point  where  the  ,0Si+  value 
dropped  to  50%  of  its  value  in  the  Si02  film. 

A  primary  beam  energy  of  5  keV  was  used  in  this  study  in  order  to  reduce  errors  in 
the  determination  of  the  centroid  position  due  to  cascade  mixing  [12,13].  This  is  not  the 
optimum  condition.  Detailed  studies  of  the  effect  of  the  primary  beam  energy  on  the  shape  of 
the  A1  distribution  using  a  sample  similar  in  structure,  indicate  a  reduction  in  the  full  width  at 
half  maximum  of  about  15%  when  the  primary  beam  energy  is  reduced  from  5  to  3  keV. 
Further  reduction  of  the  primary  beam  energy  to  2  and  1.5  keV  results  in  no  further  reduction 
of  the  full  width  at  half  maximum.  Over  the  same  energy  range  the  centroid  position  shifts 
towards  the  center  of  the  oxide  structure  by  5%.  A  correction  for  this  centroid  shift  would 
make  the  agreement  between  SIMS  and  the  photo  I-V  data  even  better.  However,  this 
correction  was  not  made  in  Fig.  1  because  the  energy  dependent  study  was  not  made  on  the 
identical  sample. 

Some  of  the  physical  properties  of  electron  trapping  and  detrapping  in  this  buried 
impurity  layer  were  measured  using  well  established  techniques  such  as  capacitance-voltage 
(C-V)  and  photr  urrent-voltage  (photo  l-V)  [2-4],  The  buried  impurity  layer  is  probably 
mostly  A12Oj,  but  some  microscopic  A1  regions  might  still  exist.  Also,  some  regions  with  a 
physical  character  similar  to  trapping  sites  in  A1  ion-implanted  Si02  could  be  present.  Howev¬ 
er,  as  will  be  discussed  next,  the  physical  properties  that  were  measured  could  not  easily 
differentiate  between  these  three  different  possibilities  for  the  microscopic  nature  of  the  buried 
impurity  layer.  The  number  of  electron  traps  was  very  large,  <  1013  cm-2,  with  capture 
cross  sections  <  10" 13  cm2.  In  contrast  to  trapped  electrons  on  sites  related  to  ion  implanted 
A1  [9,  14-16],  most  of  the  trapped  electrons  on  these  sites  could  be  optically  discharged  with 
energies  from  3-5  eV.  The  threshold  energy  for  photoionization  was  a  3  eV.  Photoioniza¬ 
tion  cross-sections  were  1 0— 1 8—  1 0— 1 7  cm2  in  the  energy  range  from  3  to  5  eV.  This  3  eV 
threshold  (photoexcitation  from  traps  to  Si02  conduction  band)  is  comparable  to  the  a  3  eV 
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electronic  energy  barrier  observed  for  the  interface  of  an  A)  gate  electrode  on  Si02  (4) 
(photoexcitation  from  the  A!  Fermi  level  to  the  Si02  conduction  band).  This  3  eV  threshold 
is  also  consistent  with  photodetrapping  of  electrons  from  traps  in  A1203  [17,18].  Trapped 
electrons  in  this  buried  Al  or  A1203  layer  could  be  thermally  discharged  at  temperatures 
>  150°C  with  rates  in  line  with  a  median  thermal  trap  energy  of  1 .2-1.3  eV  [19]  which  is 
consistent  with  what  is  expected  for  an  optical  threshold  of  %  3  eV  [19],  Traps  related  to  ion 
implanted  As  and  P  have  similar  optical  and  thermal  threshold  energies  [4,19,20] 

To  exaggerate  the  effect  of  surface  contamination,  an  Al  layer  of  <  8  A  in  thickness 
(coi responding  to  <5  x  10*5  atoms/cm~)  was  deposited  on  the  Si  surface.  However,  using 
the  characterization  techniques  described  here  (photo  I-V  and  avalanche  injection  with 
flat-band  voltage  tracking)  which  are  sensitive  to  charges  trapped  on  impurity  related  sites  in 
Si02,  parts-per-million  detection  is  possible  for  1000  A  thick  films.  The  detectability  of  ion 
implanted  Al  or  As  fluence  levels  of  3  x  1012  ions/cm2  has  been  experimentally  demonstrat¬ 
ed  in  previous  publications  [9,19].  This  corresponds  to  a  volume  density  of  =s  1017  to 
10IK  ions/cm3  for  a  1000  A  thick  film  of  Si02  which  is  ten  to  one  hundred  parts  per  million 
detection  for  an  Si02  density  of  2.3  x  I022  molecules/cm3.  However,  the  ultimate  level  of 
detectability  using  these  electrical  characterization  techniques  is  at  least  one  part  per  million 
for  Si02  films  of  «  1000  A  in  thickness  as  has  been  shown  for  uniformly-distributed 
radiation-induced  neutral  trapping  centers  [21].  For  very  thick  Si02  layers  (>  1  /ira), 
parts-per-billion  uniformly-distributed  H20-related  impurity  levels  can  be  detected  using  these 
electrical  techniques  [22].  However,  any  impurity  which  gives  a  photo  I-V  voltage  shift  of 
«  0.5  V  due  to  the  presence  of  trapped  charges  is  detectable  [21].  For  example,  a  photo  1-V 
voltage  shift  of  .5  V  due  to  uniformly-distributed,  buik-Si02  trapped  charges  gives  a  volume 
density  n  **  8.6  x  10!2  trapped  charges/cm3  (parts-per-billion  detectability)  and  an  areal 
density  of  4.3  x  109  cm'2  in  a  5  pm  thick  Si02  film  For  a  1000  A  thick  Si02  film,  a  .5  V 
shift  gives  a  volume  density  of  2.2  x  10l0  cm-3  (parts-per-million  detectability)  and  an  areal 
density  of  2.2  x  10"  cm-2.  These  numbers  were  calculated  using  the  photo  1-V  relation¬ 
ship  N  -  f(AV"-AVg  )/(qL)  where  dV*  =  -AV“  =  0.5  V  and 

N  **  J0  n(x)dx  «=  nL  for  uniformly  distributed  Si02  charges.  Films  much  thicker  than 
10  pm  are  difficult  to  fabricate  due  to  stress-related  problems  at  the  Si-Si02  interface  This 
limits  the  ultimate  sensitivity  of  techniques  discussed  here  to  about  the  parts-per-billion  level. 

The  results  of  Figs.  1  and  2  show  that  most  of  the  Al  layer  initially  deposited  on  the  Si 
surface  has  been  moved  out  to  near  the  thenna)-Si02  -  CVD-SiOz  interface  by  the  thermal 
oxidation.  The  oxygen  probably  converted  this  layer  to  A1203  before  oxidizing  the  underlying 
Si  surface  by  diffusing  through  this  very  thin  A1203  layer.  This  interfacial  layer  when 
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surrounded  by  Si02  on  either  side  acts  as  a  very  effective  trapping  site.  In  fact,  alt  the 
experimental  results  were  very  similar  to  those  for  MOWOS  structures  where  a  thermal  oxide 
was  grown  first,  tungsten  less  than  a  monolayer  thick  evaporated  onto  its  surface,  and  then  a 
CVD  Si02  capping  layer  deposited  [2,23-26]. 

The  results  presented  in  this  paper,  together  with  the  detectability  limits  of  the 
techniques  used  here  which  have  been  demonstrated  in  previous  publications  [9,19,21,22], 
imply  that  trace  amounts  of  contaminants  introduced  on  Si  wafer  surfaces  during  cleaning  can 
be  detected  quickly  and  easily  in  a  non-destructive  manner.  On  very  thick  Si02  layers 
(>  1  |im),  these  electrical  characterization  techniques  are  capable  of  parts  per  billion  impurity 
sensitivity  for  approximately  uniformly-distributed  Si02  impurities  which  trap  charges  [22], 
This  is  not  possible  with  any  other  technique  such  as  SIMS,  Auger,  ESCA,  or  RBS.  However, 
techniques  such  as  SIMS  and  RBS  do  give  unequivocal  determination  of  the  impurity  atoms 
whereas  the  electrical  characterization  techniques  are  indirect  and  depend  upon  existing 
characterization  data  (capture  cross  sections,  photoionization  cross  sections,  etc.  [4])  for  the 
determination  of  trapping  sites  related  to  the  impurity  atoms.  If  the  impurities  initially  present 
on  the  Si  surface  mostly  segregate  into  the  Si  substrate  during  oxidation,  or  if  they  do  not  have 
electron  or  hole  capture  probabilities  larger  than  those  of  the  sites  normally  present  in  the 
Si02  [4],  then  the  techniques  used  here  will  not  be  very  effective. 
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FIGURE  CAPTIONS 


Fig.  1.  Ratio  of  the  centroid  to  total  oxide  thickness  (X/L)  as  a  function  of  either  the  number 
of  trapped  charges  per  unit  area  (N)  or  the  increment  in  the  number  of  trapped 
charges  per  unit  area  (AN)  for  several  samples.  Electrons  to  fill  traps  in  the  A1  or 
AljOj  region  were  injected  by  either  internal  photoemission  from  the  A)  at  a  light 
energy  of  4.5  eV  and  gate  voltages  from  -7  to  -16  V  or  by  avalanche  injection  from 
the  Si  substrate  at  a  constant  current  of  2  x  10_,°  A.  The  uncharged  sample  was 
the  virgin  as  fabricated  structure.  For  X/L,  as  a  function  of  AN,  the  comparison  of  the 
photo  I-V  data  was  made  between  a  charged  sample  before  and  after  it  was  charged 
further.  Solid  symbols  refer  to  experimental  data  for  X/L  as  a  function  of  N,  while 
open  symbols  refer  to  X/L  as  a  function  of  AN.  The  solid  line  represents  X/L  for  the 
A1  profile  determined  using  the  SIMS  data  in  Fig.  2  and  the  dashed  line  represents  the 
position,  normalized  to  L,  of  the  CVD  Si02  and  thermal  Si02  interface.  AH  centroids 
(trapped  charge  and  Al)  and  the  interface  position  are  measured  from  the  top  surface 
of  the  CVD  Si02  or  the  interface  of  this  top  surface  of  the  CVD  Si02  with  an  Al  gate 
electrode. 

Fig.  2.  SIMS  profile  of  27A1+  and  30Si+  as  a  function  of  distance  from  the  top  SiOz  surface 
on  the  same  sample  as  used  in  Fig.  1.  An  electron  flood  gun  was  used  for  charge 
compensation. 
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Abstract:  Experimental  results  are  presented  which  show  for  the  first  time  that  stacked 
chemically-vapor-deposited  insulator  combinations  such  as  Si  rich  Si02  -  Si02  -  Si  rich  Si02 
sandwiched  between  Si  or  metal  electrodes  can  be  tailored  to  give  any  desired  injection  current 
characteristic  for  positive  and  negative  voltage  biases.  The  Si  rich  Si02  -  Si02  interfaces  give 
enhanced  electron  injection  into  the  Si02  layer.  By  modifing  this  interface  and  the  Si  rich 
Si02  layer  (for  example,  by  changing  its  Si  content),  current  as  a  function  of  voltage  charac¬ 
teristics  for  each  of  the  two  interfaces  of  the  Si  rich  Si02  injecting  material  with  the  Si02  layer 
can  be  modified  as  desired.  These  dual  electron  injector  structures  (DEIS)  are  discussed  with 
respect  to  optimizing  the  write  and  erase  characteristics  of  non-volatile  semiconductor 
memories  using  a  floating  polycrystalline  silicon  storage  layer  with  a  DEIS  sandwiched  in 
between  it  and  a  control  gate. 
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Recent  publications  have  demonstrated  that  Si  rich  Si02  layers  deposited  on  top  of 
Si02  give  large  electron  current  injection  into  the  Si02  at  moderate  electric  fields  [1,2].  Also 
in  these  articles,  the  feasibility  for  using  these  layers  in  non-volatile  semiconductor  memories 
has  been  shown.  However,  since  the  Si  rich  Si02  layers  are  only  a  good  single  carrier  electron 
injector  and  few  holes  are  injected  for  the  opposite  polarity,  the  "erase"  times  are  long  (mins) 
compared  to  the  "write"  times  (msecs)  [2].  This  letter  presents  a  solution  to  the  erasure 
problem  by  using  stacked  chemically-vapor-deposited  (CVD)  layers  of  Si  rich  Si02  -  Si02  -  Si 
rich  Si02  between  the  control  gate  (A1  or  polycrystalline  Si  (poly-Si))  and  the  charge  trapping 
layer  (floating  poly-Si)  used  for  memory  storage  in  most  non-volatile  semiconductor  memory 
devices.  This  insulator  stack  will  be  referred  to  as  a  dual  electron  injector  structure  (DEIS). 
Since  a  negative  voltage  bias  on  the  control  gate  injects  electrons  onto  the  floating  gate  and  a 
positive  voltage  bias  pulls  them  back  to  the  control  gate  as  shown  in  Fig.  1,  the  electrons  are 
injected  at  moderate  Si02  electric  fields  into  this  intervening  oxide  layer  by  means  of  the  Si 
rich  Si02  injector  which  is  at  the  lower  potential.  This  injection  phenomena  (for  a  single 
injector  on  top  of  Si02)  is  believed  to  be  due  to  localized  electric  field  distortion  at  the  Si  rich 
Si02  -  Si02  interfaces  [2]. 

The  DEIS  structures  and  their  controls  were  formed  by  depositing  CVD  Si  rich  Si02 
and  Si02  layers  on  top  of  (100)  2  12  cm  p-type  single  crystal  Si  substrates  at  70 0°C.  The 
ratio,  R0,  of  the  concentration  of  N20  to  SiH4  in  the  gas  phase  was  varied  in  the  range  from 
10  to  3  (7%  to  13%  excess  atomic  Si  over  stoichiometric  Si02,  respectively)  for  the  Si  rich 
Si02  injectors  [3J  and  R0  =  100  for  the  CVD  SiOz  layers.  Thick  (1  micron)  A1  electrodes 
with  an  area  of  .006  cm2  were  deposited  next,  followed  by  a  forming  gas  (90%  N2  -  10%  H2) 
anneal  at  400°C  for  20  min. 

All  DEIS  structures  were  evaluated  for  electron  injection  using  current  as  a  function  of 
ramped  gate  voltage  (ramp  I-V)  techniques  {4j.  A  Keithley  #26220  logarithmic  picoammeter 
was  used  to  measure  the  current  with  a  voltage  source  that  had  adjustable  ramp  rates.  For 
positive  gate  voltage  ramp  I-V  experiments,  the  Si  inversion  layer  was  maintained  to  prevent 
any  significant  voltage  from  being  dropped  across  the  Si  by  shining  v  hite  light  on  the  sample. 
This  white  light,  although  shielded  by  the  thick  A1  gate  electrode,  provides  minority  carriers 
(electrons)  around  the  periphery  of  the  depletion  layer  formed  under  the  positively  biased  A1 
gate  electrode.  These  electrons  subsequently  diffuse  laterally  and  form  the  inversion  layer.  In 
all  experiments,  a  virgin  as-fabricated  location  was  used  for  each  I-V  characteristic  for  which 
the  gate  voltage  was  ramped  from  0  V  at  a  rate  of  -.47  V/sec  or  +.47  V/sec  to  the  desired 
value. 
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The  data  of  Figs.  2-4  demonstrate  the  dual  electron  injector  concept.  Fig.  2  and  Fig. 

3  show  a  single  injector  in  between  the  A1  gate  electrode  and  Si02  layer,  and  Si  substrate  and 
Si02  layer,  respectively.  Comparing  Figs.  2  and  3,  enhanced  electron  injection  is  seen  from 
the  electrode  with  the  single  injector  next  to  it  when  this  electrode  is  biased  at  a  lower 
potential  than  the  opposite  electrode.  The  smaller  electron  currents  in  Figs.  2  and  3  are  due 
to  Fowler-Nordheim  tunneling  through  an  ~  3  eV  interfacial  energy  barrier  at  the  Si  or  A1 
interface  with  the  Si02  layer  15].  The  larger  current  in  each  of  these  figures  is  throught  to  be 
due  to  field-enhanced  Fowler-Nordheim  tunneling  at  the  Si  rich  Si02  -  Si02  interface  due  to 
the  two  phase  (Si  and  Si02)  nature  of  the  Si  rich  Si02  material  [2].  Because  of  the  high 
conductivity  of  the  Si  rich  Si02  compared  to  Si02,  only  a  small  fraction  of  the  total  applied 
voltage  is  dropped  across  this  layer  [2-4],  Figure  4  shows  the  total  DEIS  stack  with  a  CVD 
injector  near  each  interface  separated  by  the  CVD  Si02  layer.  The  measured  currents  in  Fig. 

4  are  approximately  equal  to  the  appropriate  enhanced  currents  due  to  the  Si  rich  Si02 
injector  in  Figs.  2  and  3  for  negative  A1  gate  voltage  bias  (Fig.  2)  and  positive  A1  gate  voltage 
bias  (Fig.  3).  There  are  two  current  ledges  in  the  data  of  Figs.  2-4.  The  low  current  ledge  at 
«  3  x  10“ 10  A  is  due  to  a  displacement  current  term  which  is  equivalent  to  the  total 
insulator  stack  capacitance  multiplied  by  the  voltage  ramp  rate.  The  current  ledge  at 
a  10-7  A  is  due  to  trapping  occurring  in  the  CVD  Si02  layer  [4].  This  trapping  ledge  which 
is  believed  to  be  due  to  the  presence  of  H20  in  the  films  [4]  is  removed  with  high  temperature 
annealing  (1000°C  for  30  min.  in  N2  or  forming  gas)  prior  to  gate  metallization.  From  the 
approximately  equivalent  position  and  width  of  these  ledges  for  either  polarity  for  the  DEIS  of 
Fig.  4,  the  centroid  is  deduced  to  be  approximately  half  way  into  the  CVD  Si02  layer  [4], 
The  reduction  in  ledge  width  in  the  ramp  I-V  data  for  positive  polarity  in  Fig.  2  and  negative 
polarity  in  Fig.  3  where  current  enhancement  is  absent  (no  injector  present)  is  thought  to  be 
due  to  field  ionization  of  the  trapped  electrons  or  reduction  in  the  trapping  rate  [4], 

The  voltage  reduction  factor  for  electron  injection  from  the  Si  substrate  side  was 
smaller  than  the  voltage  reduction  factor  for  electron  injection  from  the  A1  side.  The  voltage 
reduction  factor,  defined  as  the  ratio  of  the  gate  voltage  with  a  Si  rich  Si02  injector  to  that 
without  the  injector  required  to  obtain  a  given  current,  was  approximately  1/2  and  2/3  for 
electron  injection  from  the  Si  and  A1  sides,  respectively.  Although  presumably  equivalent  Si 
rich  Si02  injectors  were  deposited  (100  A  thickness  using  R0  =  3  material),  the  Si02  -  Si 
rich  Si02  interfaces  for  the  DEIS  structure  in  Fig.  4  could  be  different  since  for  the  Si  side  the 
Si02  is  deposited  on  the  injector  and  for  the  Ai  side  the  injector  in  deposited  on  the  Si02. 

The  electron  injection  characteristic  of  either  injector  in  Fig.  4  could  be  changed  by 
modifying  the  Si  content  of  the  Si  rich  Si02  layers.  Injectors  with  less  excess  Si  have  smaller 
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current  enhancements  (voltage  reduction  factors  closer  to  1)  and  more  of  the  applied  voltage 
is  dropped  across  their  layers.  Modifying  one  injector  of  a  DEIS  so  that  more  voltage  is 
dropped  across  it  will  change  the  I-V  characteristic  of  the  other  injector  somewhat.  Since  this 
unmodified  injector  and  the  intervening  oxide  see  a  smaller  fraction  of  the  to'al  applied 
voltage  bias,  the  1-V  characteristic  for  this  injector  will  have  a  particle  current  threshold  above 
the  displacement  current  level  at  a  larger  magnitude  of  the  applied  bias,  and  the  I-V  character¬ 
istic  will  have  a  shallower  slope. 

This  paper  clearly  shows  how  a  desired  I-V  characteristic  can  be  obtained  for  each 
voltage  polarity  by  stacking  the  appropriate  insulators  between  the  contacts.  Write  and  erase 
characteristics  of  non-volatile  semiconductor  memories  employing  floating  poly-Si  storage 
layers  and  DEIS  stacks  between  the  control  gate  and  floating  poly-Si  can  be  tailored  separate¬ 
ly,  both  being  independent  of  the  read  operation  which  is  controlled  by  a  surface  channel  in 
the  substrate  Si. 

The  authors  wish  to  acknowledge  the  critical  reading  of  this  manuscript  by 
D.R.  Young  and  M.I.  Nathan;  the  technical  assistance  of  F.L.  Pesavento;  and  the  assistance 
with  the  gate  metallizations  by  the  Silicon  Facility  at  the  TJ.  Watson  Research  Center.  This 
research  was  supported  in  part  by  the  Defense  Advanced  Research  Project  Agency  and 
monitored  by  the  Deputy  for  Electronic  Technology,  RADC,  under  Contract  F19628-78-C- 
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Figure  1  Schematic  representation  of  a  non-volatile  n-channel  field  effect  transistor 

memory  using  a  dual  electron  injector  stack  between  a  control  gate  and  float¬ 
ing  poly-Si  layer.  Writing  (erasing)  is  performed  by  applying  a  negative 
(positive)  voltage,  Vg-(Vg+),  to  the  control  gate  which  injects  electrons  from 
the  top  (bottom)  Si  rich  Si02  injector  to  the  floating  poly-Si  storage  layer 
(back  to  the  control  gate).  Structure  is  not  drawn  to  scale. 
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Magnitude  of  the  dark  current  as  a  function  of  the  magnitude  of  the  gate 
voltage  for  a  single  Si  rich  SiOz  injector  on  top  of  the  Si02  layer  where  this 
injector  is  under  the  A1  gate  electrode.  A  virgin  as-fabricated  sample  was 
ramped  from  0  V  at  +.47  V/sec  or  —.47  V/sec  for  positive  gate  voltage 
(V  +  )  or  negative  gate  voltage  (V  ~). 


Figure  3 


Magnitude  of  the  dark  current  as  a  function  of  the  magnitude  of  the  gate 
voltage  for  a  single  Si  rich  Si02  injector  under  the  Si02  where  this  injector  is 
on  top  of  the  Si  substrate.  Same  experimental  conditions  as  in  Fig.  2  were 
used. 
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igure  4  Magnitude  of  the  dark  current  as  a  function  of  the  magnitude  of  the  gat 

voltage  fo;  a  dual  Si  rich  Si02  injector  structure  which  is  essentially  the  sum  u 
those  characteristics  in  Figs.  2  and  ^  for  the  same  Si02  thickness  Sain 
ex  peri  men.  il  conditions  as  in  Fig.  2  were  used. 
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ABSTRACT:  A  novel  type  of  electrically-alterable  memory  which  uses  the  phenomenon  of 
enhanced  electron  injection  into  SiOz  from  Si-rich  SiOz  to  charge  or  discharge  a  floating 
polycrystalline  Si  storage  layer  in  a  metal-oxide-semiconductor  field-effect-transistor  is 
described.  This  non-volatile  memory  differs  from  others  using  floating  polycrystalline  Si  in  the 
charging  or  discharging  process.  This  improvement  is  accomplished  by  using  a  chemically- 
vapor-deposiled  stack  of  Si-rich-Si02-Si02--Si-rich-Si02  between  the  floating  polycrystalline 
Si  layer  and  the  control  gate  electrode.  This  device  is  capable  of  being  written  or  erased  in  5 
msec  at  voltages  <  16  V  and  in  2  Msec  at  voltages  <  23  V  with  excellent  charge  retention. 
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In  this  communication,  a  new  non-volatile  electrically-alterable  read-only-memory 
(EAROM)  is  described  which  uses  a  floating  polycrystalline  silicon  (poly-Si)  storage  layer  [1] 
and  Si-rich  Si02  electron  injectors  [2-4 j.  This  device,  as  shown  schematically  in  Fig.  1,  is 
similar  to  commercially  available  floating-gate  avalanche-injection  metal-oxide-silicon 
(FAMOS)  devices  (!|  except  for  the  replacement  of  the  Si02  layer  between  the  floating 
poly-Si  layer  and  control  poly-Si  electrode  by  a  dual  electron  injector  structure  (DEIS) 
consisting  of  sequentially  chemically-vapor-deposited  (CVD)  layers  of  Si-rich  Si02,  Si02,  and 
Si-rich  SiO-,.  The  DEIS  allows  the  floating  poly-Si  layer  to  be  written  or  erased  by  putting 
electrons  on  or  taking  them  off  this  storage  layer  using  enhanced  electron  injection  from  the 
top  or  bottom  Si-rich  Si02  injectors,  respectively.  The  enhanced  electron  injection  phenome¬ 
non  is  thought  to  be  caused  by  localized  electric  field  enhancement  at  the  Si-rich-Si02-Si02 
interface  due  to  the  two  phase  nature  (Si  and  SiOj)  of  this  material  [2,3).  This  localized  fieid 
distortion  gives  a  very  large  enhancement  (>105)  in  the  injected  current  for  a  given  gate 
voltage  which  is  believed  to  be  controlled  by  Fowler-Nordheim  tunneling  [2,3].  In  contrast, 
commercially  available  FAMOS  structures  are  written  by  hot  electron  injection  from  a  Si 
junction  pulsed  to  avalanche  breakdown  and  usually  rather  slowly  erased  by  ultra-violet  (UV) 
light  which  optically  discharges  the  trapped  electrons  on  the  floating  poly-Si  storage  layer  [1]. 
As  will  be  demonstrated  here,  the  DEIS  EAROM  can  be  both  written  and  erased  in  <  5  msec 
at  least  I04  times  with  very  little  degradation,  using  lower  voltage  and  power  than  FAMOS 
type  structures  but  with  similar  retention  characteristics.  The  DEIS  EAROM  can  also  be 
written  and  erased  at  lower  voltages  than  metal-silicon  nitride-silicon  dioxide-silicon  (MNOS) 
devices  which  depend  on  electron  and  hole  tunneling  (write  and  erase  operations,  respectively) 
from  the  Si  substrate  through  a  thin  tunnel  Si02  layer  into  the  Si.,N4  layer  which  stores  the 
charge  via  trapping  states  lying  energetically  in  the  bandgap  [5).  Furthermore,  the  DEIS  like 
the  FAMOS  structures  has  better  charge  retention  characteristics  than  MNOS  devices. 

The  EAROM  n-channel  field  effect  transistors  (FETs)  used  here  were  fabricated  using  a 
self-aligned,  double  poly-Si  process  with  a  DEIS  stack  deposited  between  the  poly-Si  layers. 
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The  FET  channel  area  was  2.9  x  10'6  cm2,  but  the  actual  injecting  area  was  8.4  x  10  b  cm2.  To 
increase  the  capacitive  coupling  effect  so  that  most  of  the  applied  voltage  is  dropped  across 
the  DEIS  stack,  the  thermal  gate  oxide  between  the  Si  substrate  and  the  floating  poly-Si  layer 
was  made  thin  (100  A).  Although  in  the  devices  described  here  the  poly-Si  control  gale 
electrode  and  floating  gate  storage  electrode  are  equal  in  area,  higher  coupling  also  could  have 
been  realized  with  a  control  gate  which  was  smaller  in  area  than  the  floating  poly-Si  layer. 
The  DEIS  stack  consisted  of  100  A  of  Si-rich  SiC>2  for  the  bottom  injector,  100  A  of  SiO.,  for 
the  intervening  oxide  layer,  and  100  A  of  Si-rich  SiOj  for  the  top  injector.  The  Si-rich  SiO, 
and  Si02  layers  were  deposited  at  700°C  using  concentration  ratios  R()  of  N20  to  SiH4  in  the 
gas  phase  of  3  and  100,  respectively  {2,3.6 J.  This  Si-rich  Si02  material  with  Ro=3  has  46% 
atomic  Si  [2,3,6]. 

Figures  2  and  3  show  write/erase  cycling  data  for  5  msec  and  2  jisec  pulse  widths, 
respectively.  In  Fig.  2  for  5  msec  operation,  write  voltages  were  varied  from  -14  V  to  -16  V 
while  erase  voltages  were  varied  from  +1 1  V  to  +13  V.  In  Fig.  3  tor  2  /isec  operation,  write 
voltages  were  varied  from  -20  V  to  -23  V,  while  erase  voltages  were  varied  from  +17  V  to 
+20  V.  The  threshold  voltage  indicates  the  charge  stale  of  the  floating  poly-Si  layer  with  the 
horizontal  dashed  line  indicating  the  initial  threshold  voltage  on  an  approximately  uncharged 
as-fabricated  device.  Threshold  voltages  more  positive  than  this  dashed  line  indicate  stored 
electrons,  while  those  more  negative  indicate  ionized  donors  when  the  device  is  over-erased. 
The  degradation  in  the  cycling  characteristics  resulting  in  a  threshold-voltage  window  collapse 
which  becomes  important  after  approximately  I04  cycles  is  due  to  trapped  electronic  charge 
build-up  in  the  intervening  CVD  Si02  layer  [3,7].  This  trapping  is  believed  to  be  caused  by 
HzO  related  impurities  in  these  films  [3,7,8]  and  can  be  improved  with  high  temperature 
annealing  [3,7]. 

Figures  2  and  3  also  show  that  the  erase  operation  (electron  ejection  from  floating  poly-Si 
back  to  the  control  gate  using  the  bottom  Si-rich  Si02  injector)  is  more  efficient  than  the  write 


operation  (electron  injection  from  the  control  gate  to  the  floating  poly-Si  using  the  top  Si-rich 
Si02  injector).  This  same  phenomenon  was  also  seen  on  large  area  (.006  cm2)  capacitor 
structures  with  DEIS  stacks  deposited  on  smooth  single  crystal  Si  or  rough  poly-Si  substrates 
with  poly-Si  or  Al  control  gate  electrodes  {4,9}.  This  asymmetry  in  the  enhanced  currents 
from  the  Si-rich  Si02  injectors  is  believed  to  be  caused  by  differences  in  the  two 
Si-rich-Si02-Si02  interfaces  [4].  The  bottom  injector  interface  is  formed  by  depositing  Si02 
on  top  of  it,  while  the  top  interface  is  formed  by  depositing  the  top  injector  on  top  of  this 
Si02  layer. 

Control  structures  identical  to  the  DEIS  EAROMs  discussed  here  with  only  the  100  A 
CVD  Si02  layer  between  the  control  gate  and  floating  poly-Si  were  also  fabricated.  These 
structures  could  not  be  written  with  any  significant  number  of  electrons  using  the  same 
voltages  and  times  in  Figs.  2  and  3.  However,  they  could  be  erased  somewhat  due  to  localized 
field-enhanced  tunnel  injection  near  asperities  on  the  rough  top  surface  of  the  floating  poly-Si 
storage  layer  [10,11].  This  phenomenon  has  been  reported  before  and  actually  used  with 
FAMOS-like  devices  in  some  cases  for  erase  operations  [12].  However,  it  is  very  difficult  to 
reproduce  due  to  subtleties  in  processing  conditions  effecting  the  surface  roughness. 

Figure  4  shows  retention  characteristics  of  the  DEIS  EAROMs  in  a  grounded  control  gate 
condition  for  temperatures  in  the  range  from  25°C  to  300°C  and  compares  them  to  control 
structure  EAROMs  for  approximately  3x10' 2  stored  electrons/cm2.  Clearly,  the  DEIS  and 
control  structure  without  the  Si-rich  SiOj  layers  behave  in  a  very  similar  fashion.  Tempera¬ 
tures  of  300°C  are  needed  to  observe  any  significant  charge  loss  in  104  sec.  This  loss  has 
been  shown  to  be  due  to  electronic  thermal  activation  out  of  an  approximately  2.2  eV 
energetically  deep  well  formed  by  the  electric  field  lowered  energy  barrier  between  the  Fermi 
level  of  the  n-degenerate  poly-Si  storage  layer  of  the  control  structure  or  the  bottom  of  the 
conduction  band  of  the  last  layer  of  Si  islands  in  the  bottom  injector  of  the  DEIS  and  the 
conduction  band  of  the  CVD  Si02  layer  [9].  If  large  enough  positive  gate  voltages  are  applied 


to  the  DEIS  EAROM,  another  loss  component  which  is  weakly  temperature  dependent  will 
occur  during  the  limes  considered  here  [9J.  This  is  due  to  Fowler-Nordheim  tunneling  of 
electrons  off  the  last  layer  of  Si  islands  in  the  bottom  Si-rich  Si02  injector  into  the  CVD  SiO, 
layer  (the  injector  starts  ejecting  electrons  back  to  the  control  gate).  This  loss  mechanism  will 
also  occur  at  higher  positive  gate  voltages  on  the  control  EAROM  structure  in  a  localized 
fashion  from  near  the  tips  of  the  asperities  on  the  rough  poly-Si  surface  into  the  intervening 
CVD  Si02  layer.  From  the  higher  temperature  data  in  Fig  4,  a  5%  charge  loss  in  >  107 
years  by  thermal  activation  is  predicted  for  DEIS  EAROM  operation  at  temperatures  from 
25°C  to  80°C.  The  principal  charge  loss  mechanism  over  periods  of  years  will  be  by  Fowler- 
Nordheim  tunneling.  However,  this  process  will  be  self-limiting  since  as  electrons  are  lost  off 
the  floating  gate  the  internal  electric  fields  which  drive  this  loss  component  will  decrease  |9|. 

Other  sets  of  devices  similar  to  those  reported  here  with  thicker  SiO?  layers  were  also 
fabricated.  They  operated  in  a  similar  fashion  to  those  reported  here,  but  at  higher  voltages. 
Varying  the  Si-rich  Si02  injector  thickness  from  100  A  to  500  A  or  the  Si  content  by  a  few 
percent  from  the  46%  atomic  Si  used  here  had  little  effect  on  write/erase  operation  making 
the  DEIS  processing  non-critical.  Write  or  erase  voltages  could  be  increased  by  significantly 
decreasing  the  Si  content  of  the  Si-rich  Si02  injectors  either  separately  or  together.  If  either 
the  top  or  bottom  injector  is  replaced  by  Si02,  the  expected  behavior  of  enhanced  injection 
only  from  the  remaining  injector  is  observed  14].  The  sum  of  the  current-voltage  characteris¬ 
tics  of  structures  with  a  single  top  or  bottom  injector  has  been  shown  to  be  approximately 
equivalent  to  the  current-voltage  characteristic  for  a  DEIS  with  the  same  Si()2  thickness  |4] 
The  DEIS  stacks  have  also  been  shown  to  have  excellent  voltage  breakdown  characteristics, 
and  they  are  capable  of  drawing  very  high  currents  as  would  be  needed  for  the  2  nsec 
operation  shown  in  Fig.  3  with  very  few  low  voltage  breakdown  events  occurring  |9).  This 
phenomenon  is  believed  to  be  due  to  localized  field  screening  by  a  reversible  space  charge 
build-up  on  the  Si  islands  near  the  injecting  contact  at  low  applied  fields  [9,13j.  In  fact,  even 
200  nsec  write/erase  operation  for  102  to  105  cycles  depending  on  the  magnitude  of  the 
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voltage  pulses  has  been  demonstrated  for  these  devices  before  the  gate  insulator  between  the 
floating  poly-Si  layer  and  the  single  crystal  Si  substrate  broke  down. 

Smaller  area  FETs  using  capacitive  coupling  considerations  will  allow  even  lower  voltages 
and  faster  write/erase  switching  times  than  those  reported  here.  In  the  future,  <  100  nsec 
write/erase  operation  at  a  20  V  should  be  attainable.  If  oxide  trapping  can  be  reduced 
significantly  so  that  the  number  of  cycles  before  a  pronounced  threshold-voltage  window 
collapse  is  increased  to  >  109.  then  a  pure  non-volatile  Random-Access-Memory  (NVRAM) 
structure  might  finally  be  obtained. 
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Figure  1.  Schematic  representation  of  a  non-volatile  n-channel  field  effect  transistor 
memory  using  a  dual  electron  injector  stack  between  a  control  gate  and 
floating  poly-Si  layer.  Writing  (erasing)  is  performed  by  applying  a  negative 
(positive)  voltage  V~(V*),  to  the  control  gate  which  injects  electrons  from 
the  top  (bottom)  Si-rich  Si02  injector  to  the  floating  poly-Si  storage  layer 
(back  to  the  control  gate).  Structure  is  not  drawn  to  scale. 
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Figure  2. 


Figure  3. 


NUMBER  OF  CYCLES 

Threshold  voltage  after  writing  and  erasing  as  a  function  of  the  number  of 
cycles  for  various  write/erase  voltage  conditions  on  DEIS  FETs  from  wafer 
MDT-DIS  3-B,  as  described  in  the  text  of  this  communication  Solid  and  open 
symbols  correspond  to  the  threshold  voltage  after  writing  and  erasing  for  5 
msec,  respectively.  The  horizontal  dashed  line  indicates  the  initial  threshold 
voltage  of  the  as-fabricated  FETs  before  cycling. 


NUMBER  OF  CYCLES 

Threshold  voltage  after  writing  and  erasing  as  a  function  of  the  number  of 
cycles  for  various  write/erase  voltage  conditions  on  DEIS  FETs  from  wafer 
MDT-DIS  3-B.  Solid  and  open  symbols  correspond  to  the  threshold  voltage 
after  writing  and  erasing  for  2  >sec,  respectively.  The  horizontal  dashed  line 
indicates  the  initial  threshold  voltage  of  the  as-fabricated  FETs  before  cycling. 
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Figure  4. 
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Stored  electronic  charge  loss  as  a  function  of  time  on  DEIS  and  control  FETs 
from  the  MDT-DIS  3  series  as  described  in  the  text  of  this  communication  for 
a  grounded  gate  condition  V^=0  V  at  temperatures  of  25°C.  100°C,  200°C, 
and  300°C.  Charge  loss  is  calculated  in  normalized  units  of  AVT(t)/.WT(0) 
where  AVT(0)  is  the  threshold  voltage  shift  due  to  the  initial  stored  charge  of 
«  3xl012  electrons/cm2  and  A VT(t)  is  the  threshold  voltage  shift  due  to  the 
stored  charge  left  after  time  t  under  the  indicated  temperature  and  voltage 
stressing  conditions. 
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RADIATION-INDUCED  TRAPPING  CENTERS  IN  THIN  SILICON  DIOXIDE  FILMS 


J.  M.  Aitken 

IBM  T.J.  Watson  Research  Center 
P.O.  Box  218 

Yorktown  Heights,  N.Y.  10598 


Abstract:  In  this  paper  the  technologic  and  scientific  aspects  of  radiation-related  charge 
trapping  in  thin  Si02  films  are  reviewed.  These  tilms  are  amorphous  in  nature  and  are 
thermally  grown  on  single  crystal  silicon  substrates  serving  as  the  insulating  layer  in  Metal- 
Oxide-Semiconductor  (MOS)  capacitors  and  transistors.  The  structure  and  operation  of  these 
devices  are  reviewed  with  special  emphasis  on  the  effect  of  charges  trapped  in  the  oxide.  The 
technical  importance  of  understanding  the  interaction  of  ionizing  radiation  with  thin  SiO^  films 
is  illustrated  with  two  practical  examples.  The  first  involves  the  operation  of  MOS  transistors 
in  environments  where  ionizing  radiation  is  present,  leading  to  an  accumulation  of  positive 
space  charge  in  the  oxide.  The  second  deals  with  process-induced  defects  generated  by 
radiation  encountered  during  the  fabrication  of  devices  by  processes  such  as  electron  beam 
lithography  or  electron  gun  metallization.  Unannealed  traps  of  this  type  capture  hot  electrons 
produced  in  the  substrate  during  the  operation  of  the  MOS  transistor.  In  both  these  examples, 
the  charging  of  the  oxide  results  in  instabilities  which  degrade  operation. 

Its  sensitivity  to  charge  trapped  in  the  insulator  makes  the  MOS  system  an  ideal  vehicle  for 
scientific  study  of  these  phenomena.  The  basic  techniques  for  characterizing  the  density, 
capture  cross-sections,  and  location  are  briefly  discussed  and  applied  to  the  problem  of 
radiation-induced  defects  in  thin  Si02  films.  Ionizing  radiation  is  shown  to  interact  with  the 
Si02  in  two  modes.  In  the  first  it  supplies  carriers  to  fill  pre-existing  hole  traps  at  the  interfac¬ 
es.  In  the  second  it  creates  electron  and  hole  traps  in  the  bulk  of  the  thin  film.  These  latter 
defects  are  in  a  neutral  state  after  irradiation  and  are  detectable  only  when  either  electrons  or 
holes  are  subsequently  injected  into  the  oxide.  The  capture  cross-sections,  trap  densities  and 
location  of  these  centers  in  the  film  are  presented.  The  annealing  treatments  required  to 
remove  these  traps  from  aluminum  and  polysiiicon  gate  devices  are  also  discussed.  The 
number  of  traps  produced  by  an  incident  25KV  electron  beam  is  found  to  depend  weakly  on 
the  dosage.  ^  dipolar  defect,  produced  by  the  ionizing  radiation,  seems  to  explain  the 
behavior  of  the  neutral  centers. 


This  research  was  supported  in  part  by  the  Defense  Advance  Research  Projects  Agency,  the 
Department  of  Defense,  monitored  by  the  Deputy  for  Electronic  Technology  (RADC)  under 
contract  No.  19628-76-60249  Electronic  Technology  Laboratories. 
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INTRODUCTION 


Thin  silicon  dioxide  films  play  a  fundamental  role  in  modern  microelectronic  technology' 
The  rapid  progress  in  this  industry  in  recent  years  is  partly  due  to  the  versatility  of  these  films. 
They  define  the  structure  of  the  device  itself  by  acting  as  diffusion/implantation  or  etching 
masks.  They  isolate  active  devices  on  the  surface  of  the  semiconductor  from  each  other.  They 
passivate  the  active  device  areas  against  contaminants  such  as  moisture  or  mobile  ions  which 
affect  operation.  In  Metal-Oxidc-Semiconductor  Field-Effect  Transistors  (MOSFET’s)  .these 
films  play  an  important  additional  role.  By  serving  as  gate  oxides.  SiO,  fiims  are  an  active  part 
of  the  device  operation.  They  capacitively  couple  control  voltages  applied  to  the  contact  to 
the  underlying  semiconductor  and  modulate  its  conductivity2  ’.  The  principle  of  this  device  was 
postulated  30  years  before  a  working  device  was  made4.  Actual  devices  were  possible  only 
with  the  advent  of  modern  SiO,  thin  film  technology.  The  remarkable  dielectric  strength,  high 
purity,  and  stability  of  these  films  make  them  the  cornerstone  of  MOSFF.T  technology 

A  simple  n-channel  MOSFET  structure  is  shown  in  Fig  1 .  The  spacing  between  source 
and  drain  diffusions  is  typically  from  1  to  Sum.  The  isolation  oxide  is  around  0.5  to  I  urn 
thick  while  the  gate  oxide  is  between  25  and  100  nm  thick.  Other  embodiments  of  this  device 
are  commonly  used  and  discussed  in  detail  elsewhere2  Flowever  the  role  of  the  gale  oxide  is 
the  same  in  all  MOSFET  structures  and  can  be  illustrated  using  this  particular  n-channel 
enhancement  mode  device  as  an  example.  Electrons  in  the  heavily  doped  n-type  source  and 
drain  regions  are  separated  physically  and  electrically  from  each  other  by  a  p-doped  semicon¬ 
ducting  region  called  the  substrate.  A  conducting  channel  n;cbetwcen  the  source  and  drain 
can  be  established  by  creating  an  inversion  layer  of  electrons  at  the  semiconductor  surface  A 
field  on  the  order  of  1  MV/cm  at  the  silicon  surface  is  necessary  to  initiate  the  formation  ot 
this  layer.  The  gate  oxide  serves  as  a  dielectric  spacer  allowing  this  field  to  be  impressed  at 
the  silicon/silicon  dioxide  interface  while  preventing  current  flow  to  the  gate  contact. 

An  oscilloscope  trace  of  the  electrical  characteristics  of  such  a  device  is  shown  in  Fig  2 
Also  shown  in  this  figure  is  a  circuit  diagram  defining  the  measured  quantities.  The  current 
passing  between  the  source  and  drain  contacts  is  plotted  as  a  function  of  the  voltage  between 
these  contacts.  The  voltage  applied  to  the  gate  contact  is  shown  on  the  right  of  the  figure. 
The  general  behavior  illustrated  in  this  figure  is  well  understood  and  the  details  are  discussed 
elsewhere’.  We  will  focus  on  those  features  which  are  pertinent  to  the  role  of  the  gate  oxide 
in  the  operation  of  the  device.  This  figure  indicates  that  there  is  a  gate  voltage  below  which 
there  is  negligible  conduction  across  the  channel.  This  voltage  is  called  the  threshold  voltage. 
It  also  shows  that  the  current  which  flows  in  the  channel  increases  monotonically  with  the 
positive  voltage  applied  to  the  gate.  The  gate  voltages  at  which  the  device  operates  are  also 
worth  noting.  Operation  at  voltages  below  5  volts  is  possible  only  because  extremely  thin 
films  of  high  dielectric  strength  can  be  reproducibly  grown  on  single  crystal  silicon.  The  gate 
oxide  of  the  device  illustrated  in  Fig.  2  is  25  nm  thick. 


This  figure  shows  how  the  current  passing  between  source  and  drain  responds  to  changes 
in  the  field  at  the  Si/SiO,  interface.  Consequently  the  current  flowing  in  a  MOSFET  serves  as 
a  sensitive  detector  of  charges  in  the  oxide  which  change  the  field  at  this  interface.  In  fact 
charge  has  intentionally  been  introduced  into  MOSFET  gate  insulators  to  form  non-volatile 
memories'.  On  the  other  hand  unintentional  charging  of  the  oxide  can  lead  to  instabitilics  in 
device  operation.  Mobile  Na+  ions  in  the  oxide  were  in  the  past  a  severe  problem  in  this 
regard  until  sufficiently  clean  processes  and  materials  were  used  in  manufacture.  The  interac¬ 
tion  of  ionizing  radiation  with  the  gate  oxide  also  creates  instabilities.  There  are  two  well- 
known  instances  of  the  latter  situation  which  illustrate  the  importance  of  understanding  the 
effects  of  ionizing  radiation  on  Si02. 


50 


RADIATION  RELATED  INSTABILITIES  IN  MOSFETS 


The  first  example  involves  MOSFET’s  exposed  to  ionizing  radiation  in  their  operating 
environment6.  'I  h is  situation  is  common  in  military  or  satellite  applications  and  the  devices 
must  be  radiation  tolerant.  Ionizing  radiation  in  [he  form  of  energetic  electrons  or  photons 
penetrates  into  the  gate  oxide  region  generating  electron  hole  pairs  in  the  oxide.  Some  of 
these  carriers  separate  in  the  presence  of  the  fields  impressed  on  the  gate  oxide.  While  about 
10%  or  more  of  the  free  holes  are  captured  at  traps  in  the  oxide,  the  majority  of  electrons 
pass  through  without  being  captured.  The  accumulation  of  positive  charge  lowers  the  thresh¬ 
old  voltage  of  the  device  and  it  fails  to  operate  within  its  design  limits.  While  radiation  can 
generate  traps  in  the  oxide,  as  we  will  discuss  later,  its  primary  mlc  in  this  situation  is  to 
provide  carriers  which  fill  pre-existing  hole  traps  in  the  oxide  These  charges  can  turn  the 
device  on  even  though  no  voltage  is  applied  at  the  gate.  The  radiation  hardness  of  the  device 
is  controlled  by  empirical  processing  sequences  which  minimize  the  density  of  hole  traps  in  the 
completed  devices7-' 

The  second  instance  involves  charging  of  the  oxide  during  the  course  of  normal  operation 
by  energetic  carriers  generated  in  the  semiconductor'’.  High  fields  are  present  in  the  device 
either  across  the  channel  or  under  it10.  Mobile  carriers  entering  these  regions  are  accelerated 
by  these  fields  and  are  some  of  these  do  not  come  into  thermal  equilibrium  with  the  silicon 
lattice.  Of  these  carriers  some  are  energetic  enough  to  surmount  the  barrier  at  the 
silicon/silieon  dioxide  interface  and  a  small  fraction  are  trapped  at  defects  in  the  oxide  In  the 
n-channel  MOSFET  electrons  arc  the  mobile  carriers  and  electron  trapping  instabilities  occur. 
While  these  instabilities  can  occur  even  with  the  most  trap-free  oxides,  ionizing  radiation 
encountered  during  processing  with  electron  beams  or  plasmas  creates  additional  traps  in  the 
oxide  which  aggravate  the  problem1 112 "  u.  One  example  of  such  a  trap  is  the  trapped  hole 
center  discussed  above.  After  a  hole,  produced  by  radiation,  has  been  trapped  on  it. this  center 
becomes  an  efficient  electron  trap.  Other  neutral  centers  generated  by  ionization  of  the  oxide 
will  be  discussed  in  another  section.  While  these  effects  do  not  preclude  the  use  of  processes 
such  as  electron-beam  lithography  or  reactive-ion  etching  in  the  manufacture  of  MOSFET 
based  circuitry  ,  they  do  complicate  the  processing  and  design  considerations.  These  details 
have  been  carefully  considered  in  two  recent  articles  discussing  miniature  circuits  produced 
using  electron  beam  lithography ,s  16 

TRAPPING  MEASUREMENTS  IN  THE  MOS  SYSTEM 

From  a  scientific  point  of  view,  the  sensitivity  of  the  MOS  system  to  charges  in  the  oxide 
makes  it  an  ideal  vehicle  to  study  traps  in  thm  Si02  films.  Physical  measurements  such  as  FSR 
are  possible  and  have  been  carried  out  on  thin  oxide  films'1,18 However  detection  of  defects 
in  the  film  at  the  part  pe'  million  level  by  these  techniques  requires  state-of-the-art  sensitivity. 
An  extremely  small  volume  of  material  is  present  in  films  compared  to  bulk  samples.  A  bulk 
sample  of  SiO,  I  cm2  in  area  and  0  5  mm  thick  contains  about  1022  atoms.  At  the  ppm  defect 
level  there  are  10"’  defects  to  respond  to  a  particular  measurement  technique.  The  theoretical 
limit  for  electron  spin  resonance  for  example  is  5  orders  of  magnitude  below  this.  On  the 
other  hand  a  thin  film  sample  of  the  same  area  100  nm  thick  ,  contains  about  I0r  atoms  and 
10"  defects  at  the  part  per  million  level.  ESR  measurements  on  films  are  therefore  more 
difficult  to  perform  and  interpret. 

Charge  levels  an  order  of  magnitude  or  more  below  this  can  be  detected  with  the  MOS 
system.  As  discussed  earlier,  this  sensitivity  results  largely  from  the  properties  of  the  underly¬ 
ing  silicon.  In  Fig.  2  a  100  mV  change  in  gate  voltage  results  in  an  easily  measureable  change 
in  the  drain  current  of  the  MOSFET.  In  this  particular  example,  this  voltage  change  results  in 
a  <t()  KV'/cm  change  in  the  field  at  (he  silicon  surface.  Changes  of  lOmV  or  less  are  easily 
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measureable  in  these  structures.  An  equivalent  change  in  f •.<  cl  results  from  I  O'"  charges/cnr 
at  this  interface.  The  sensitivity  can  be  further  increased  by  careful  measurement  techniques 
and  device  design. 

In  the  case  of  the  MOSFFT,  the  conductivity  of  the  inversion  channel  in  the  silicon 
indicates  the  field  at  the  Si/SiO,  interface.  In  an  MOS  capacitor  the  capacitance  of  the  silicon 
serves  to  probe  this  field.  Since  these  structures  are  easier  to  fabricate  than  FFT's  they  are 
more  commonly  used  in  studies  of  the  oxide  layer.  While  the  detailed  theory  of  this  device  is 
presented  elsewhere20,  a  brief  description  is  appropriate  here.  The  high-frequency  capacitance 
of  an  MOS  capacitor  on  a  p-type  substrate  is  shown  as  a  function  of  the  applied  voltage  bv  the 
dotted  curve  in  Fig.  3b.  The  MOS  capacitor  can  be  considered  as  a  series  combination  of  two 
capacitors;  an  oxide  layer  whose  capacitance  is  independent  of  voltage  and  a  semiconducting 
layer  whose  capacitance  is  voltage  dependent.  A  voltage  applied  to  the  gate  is  used  to  bias  the 
semiconductor.  When  this  semiconductor  is  forward  biased  (negative  voltage)  majority  carriers 
are  present  in  a  thin  layer  at  the  surface  The  semiconductor  acts  as  a  metal  and  the  full  oxide 
capacitance  is  measured.  When  the  semiconductor  is  reversed  biased  (positive  voltage), 
majority  carriers  are  driven  from  the  surface  forming  a  depletion  layer  This  layer  has  a  small 
but  finite  capacitance  which  depend;;  on  its  thickness  and  which  reduces  the  total  series 
capacitance  of  the  combination.  The  flat  minimum  occurs  when  the  width  of  the  depletion 
layer  stops  increasing  and  reaches  a  maximum.  1  his  behavior  depends  only  on  the  type  and 
concentration  of  the  dopant  in  the  semiconductor.  The  capacitance  of  the  system  uniquely 
defines  the  field  at  the  interface20. 

Both  the  conductivity  of  the  silicon  in  the  MOSFFT  structure  and  its  capacitance  in  the 
capacitor  structure  can  be  exploited  to  study  charges  in  the  oxide.  Fig.  3a  shows  the  effect 
that  a  sheet  of  N  charges/cm2  located  at  position  x  has  on  the  field  in  an  oxide  of  thickness 
t  .  The  oxide  thickness  is  measured  front  the  gate  to  the  silicon  substrate.  The  field  in  the 
absence  of  the  charge  is  shown  by  the  dotted  line  in  this  figure  and  is  due  to  the  externally 
applied  voltage.  As  illustrated  by  the  solid  line  the  effect  of  this  charge  is  to  raise  the  electric 
field  in  one  region  of  the  oxide  and  lower  it  in  the  other.  Since  the  electric  fields  at  or  near 
the  interfaces  control  the  electrical  properties  of  the  system,  we  will  focus  our  diseusssion  on 
them.  As  a  consequence  of  Kirchoff's  law,  the  ratio  of  the  magnitudes  of  the  changes  at  the 
interfaces  is  inversely  proportional  to  their  distance  from  the  charged  sheet.  Using  this 
information  along  with  Gauss'  law,  the  field  changes  in  the  oxide  can  be  determined.  With  the 
gate  as  the  origin  of  the  coordinate  system,  the  magnitude  of  the  field  change  at  the  silicon 
interface  is 


AE,.  =  (q/r)  x  N/l 

>1  OX 


while  that  at  the  gate  interface  is 

AF  =■  (q/i )  (t  -x)  N/t  r 

where  r  is  the  dielectric  constant  of  the  oxide  and  q  is  an  elementary  charge.  The  change  in 
field  at  the  Si/Si02  interface  changes  the  capacitance  of  the  capacitor  or  the  conductivity  of 
the  FFT.  This  is  illustrated  for  the  ease  of  the  capacitor  in  f  ig.  3b  where  the  capacitance 
voltage  curve  measured  with  the  charge  in  the  oxide  (solid  line)  is  shifted  from  that  measured 
in  the  uncharged  oxide(dotted  line).  The  shift  along  the  voltage  axis  for  both  the  capacitor  or 
the  FFT  examples  is  given  by 


A  V  =  (q/r)  x  \ 
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Note  that  this  measurement  ;.lone  can  only  determine  the  product  of  the  total  charge  and  its 
location.  The  change  tn  field  at  both  interfaces  given  in  the  preceeding  equations  arc  both 
required  to  determine  these  quantities  separately. 

The  photocurrent  excited  from  both  contacts  provides  the  means  to  probe  both  of  these 
interfaces  and  the  fields  in  their  vicinity  The  use  of  this  technique  for  centroid  determination 
was  developed  and  discussed  by  DiMaria2’.  In  this  measurement  energetic  photons  excite 
electrons  over  the  barriers  at  the  interfaces.  The  sign  of  the  field  across  the  oxide  and  the 
energy  of  the  incident  photons  determine  the  contact  from  which  the  electrons  flow.  The 
barrier  lowering  caused  by  the  field  near  the  injecting  interface  controls  the  amount  of  current 
passing  into  the  oxide.  It  is  this  effect  which  is  used  to  probe  the  charge  distribution  in  the 
oxide. 

The  behavior  of  the  photocurreut  with  applied  voltage  in  a  charge-free  oxide  is  illustrated 
schematically  by  the  dotted  line  in  Pig.  3c.  It  should  be  emphasized  that  photoelectrons  can 
be  excited  from  the  semitransparent  gate  contact  under  negative  gate  bias  or  from  the  silicon 
under  positive  gate  bias.  The  absolute  magnitude  of  the  gate  voltage  is  shown  in  this  figure  to 
denote  this  behavior.  This  measurement  allows  either  interface  to  be  probed  by  simply- 
changing  the  polarity  of  the  voltage  applied  to  the  gate.  The  effect  of  the  positive  sheet 
charge  distribution  in  the  oxide  is  again  illustrated  by  comparing  the  dotted  (uncharged)  and 
solid  (charged)  cuves  in  Fig.  3c.  These  curves  are  highly  schematic  and  overly  simplified  The 
complications  associated  with  measurements  of  positive  charge  by  this  method  are  treated 
extensively  elsewhere22,2’.  The  voltage  shift  for  injection  under  positive  gate  bias(Si  injecting) 
is  given  by 


AVS.  =  (q/e)  x  N 

This  is  identical  to  the  shift  measured  from  the  capacitance  provided  that  the  charge  is  in  the 
bulk  of  the  sample.  For  negative  gate  bias  (Al  injecting),  the  shift  along  the  voltage  axis  is 
given  by 


AVa(  =  (q/r)  (tox-x)  N 

Note  that  as  x  is  moved  closer  to  one  interface  its  effect  on  the  field  at  the  other  interface 
diminishes  .  Correspondingly  its  effect  on  the  pholoinjection  from  that  interface  is  also 
reduced.  The  photocurrent  depends  on  the  field  in  the  oxide  near  the  interface.  Charge 
located  precisely  at  an  interface  has  no  effect  on  the  the  field  near  either  interface;  it  is 
compensated  exactly  by  the  image  charge  on  that  interface  and  produces  no  net  field  change  in 
the  oxide. 

Two  cases  are  of  particular  interest  to  this  study.  When  charge  is  located  in  the  oxide  but 
much  closer  to  one  interface  than  the  other,  the  photocurrent  injected  from  that  interface  will 
be  shifted  along  the  voltage  axis.  The  photocurrent  injected  from  the  other  interface  will  be 
relatively  unaffected.  If  the  charge  is  distributed  uniformly  throughout  the  oxide,  the  centroid 
is  in  the  middle  of  the  film  and  the  field  at  both  interfaces  is  affected  equally.  In  this  case,  the 
photocurrent  from  both  interfaces  will  be  shifted  equally  along  the  voltage  axis. 

Trapping  measurements  in  the  MOS  system  are  possible  only  because  charge  can  be 
injected  into  the  oxide  from  the  contacts.  While  other  mechanisms  such  as  tunneling  can  be 
used  the  more  common  techniques  are  avalanche24  or  photoinjection25  in  capacitors  and 
optically  induced  hot-electron  injection  in  polysilicon  gate  MOSFET’s26.  By  suitable  choice  of 
substrate  type  and  doping  concentration  either  holes  or  electrons  can  be  injected  into  the 
oxide.  These  injection  techniques  are  posssible  only  because  of  the  high  fields  which  can  be 
impressed  on  both  the  silicon  and  oxide. 


By  monitoring  the  total  charge  injected  into  the  oxide  and  the  total  amount  appearing  in 
traps  ,  the  capture  cross-sections  for  these  traps  can  also  be  obtained.  The  capture  cross- 
sections  describe  the  minimum  distance  of  approach  necessary  for  a  carrier  to  be  captured  by  a 
trap;  it  is  essentially  the  area  associated  with  that  distance.  Experimentally  the  buildup  of 
charge  in  the  film,  as  monitored  by  the  shifts  in  capacitance  or  source-drain  current,  is 
measured  as  a  function  of  the  charge  injected  per  unit  area.  Assuming  that  the  detrapping  is 
negligible  and  that  first  order  kinetics  are  valid,  the  number  of  filled  traps  increases  with 
injected  charge  in  an  exponential  manner  until  it  reaches  a  saturation  value.  The  exponential 
rate  of  increase  is  the  capture  cross-section  and  the  final  saturation  value  is  the  trap  density. 
By  fitting  the  experimental  data  to  this  equation  both  capture  cross-sections  and  trap  densities 
can  be  determined.  Based  on  this  model  the  capture  cross-section  is  proportional  to  the 
logarithmic  derivative  of  filled  trap  density  with  injected  charge24.  Experimentally  the  only 
requirement  for  such  a  study  is  that  the  centroid  remain  fixed  during  the  injection  and  that  the 
displacement  current  is  a  small  portion  of  the  total  current  in  the  circuit"  In  most  practical 
situations  the  trap  density  in  the  oxide  is  low  enough  that  these  criteria  are  satisfied. 

In  summary  the  MOS  system  lends  itself  readily  to  studies  of  the  trap  densities,  capture 
cross-sections  and  locations  of  hole  or  electron  traps  in  the  oxide.  A  great  variety  of  traps  in 
Si02  have  been  catalogued  and  characterized2'  For  the  remaining  sections  of  this  paper  we 
will  deal  with  those  traps  which  are  introduced  into  the  oxide  by  ionizing  radiation. 

IONIZING  RADIATION  EXPERIMENTS:  RESULTS  AND  DISCUSSION 


Device  fabrication  and  structure  will  not  be  discussed  extensively  here.  These  are 
available  on  other  publications  which  describe  similar  experiments  in  capacitors"  and  FET's14. 
The  results  presented  here  are  from  devices  whose  gate  oxides  were  grown  at  1000°  C  on 
<100>  silicon  substrates.  Oxide  thickness  was  between  50  and  25  nm.  In  the  FET's  the 
polysilicon  gales  were  degenately  doped  with  phosphorous  and  were  350  nm  thick.  The 
devices  were  exposed  to  ionizing  radiation  in  the  form  of  25  KV  electrons  or  x-rays.  Earlier 
experiments  have  shown  that  traps  produced  by  these  two  sources  are  identical".  Subsequent¬ 
ly  electrons  or  holes  generated  in  the  contacts  of  the  devices  by  the  techniques  previously 
mentioned  were  injected  into  the  gate  oxides.  These  carriers  were  used  to  fill  the  traps  present 
in  the  oxide.  By  comparing  the  trapping  before  and  after  irradiation  the  traps  introduced  into 
the  oxide  by  the  radiation  were  studied.  Both  electron  and  hole  traps  in  the  oxide  were 
studied  by  separate  experiments  in  which  either  holes  or  electrons  were  injected. 

The  results  of  electron  beam  irradiation  on  the  trapping  behavior  of  polysilicon  gate 
MOSFET’s  is  shown  in  Fig.  4.  In  this  figure  the  change  in  threshold  voltage  of  the  device  is 
plotted  against  the  number  of  electrons  injected  into  the  oxide  per  unit  gate  area.  The 
threshold  voltage  change  is  proportional  to  the  number  of  traps  which  arc  filled  as  a  small 
fraction  of  the  injected  electrons  are  captured  by  the  traps  in  the  oxide.  Devices  were 
irradiated  with  25  KV  electrons  to  a  total  dosage  of  10gC/cm2  and  subsequently  some  of  these 
were  annealed  for  30  minutes  at  400°  C  in  forming  gas.  The  data  from  these  devices  are 
displayed  in  the  two  upper  curves  in  this  figure.  A  third  sample  from  the  same  wafer  was  not 
exposed  to  the  electron  beam.  The  lowermost  curve  in  the  figure  shows  the  data  for  this  case. 
Note  that  the  electron  beam  exposure  substantially  increases  the  trapping  in  the  devices  and 
that  the  anneal  has  not  completely  reduced  the  traps  in  the  oxide  to  their  original  level. 

Analysis  of  the  two  upper  curves  shows  that  two  types  of  traps  are  being  filled  as 
electrons  are  injected.  The  first  kind  of  trap  is  positively  charged  and  is  completely  filled  after 
5x1 0n  clectrons/cm2  have  been  injected.  After  this  trap  has  been  filled  the  threshold  voltage 
is  returned  to  normal  and  the  oxide  is  in  a  net  neutral  state.  On  further  injection  neutral 


centers  with  lower  capture  cross-sections  begin  to  capture  electrons  raising  the  threshold 
voltage  of  the  device.  Prior  to  injection  the  neutral  traps  are  not  detectable  since  they  do  not 
change  the  fields  at  the  interface.  Their  presence  is  inferred  only  by  the  change  in  the  charge 
state  of  the  oxide  as  they  capture  injected  electrons.  Recently  we  have  also  found  that  the 
radiation-induced  neutral  centers  are  capable  of  capturing  holes  as  weil  as  electrons.  These 
results  give  a  significant  new  insight  into  the  understanding  of  ionization  damage  in  SiO,  They 
show  that  in  addition  to  supplying  carriers  to  fill  traps  which  pre-exist  in  the  oxide,  ionizing 
radiation  also  generates  new  traps  in  the  film.  Radiation-induced  defects  in  bulk  glasses  are 
generally  ascribed  to  the  charging  of  centers  present  in  the  film  before  irradiation2’1.  The 
incident  electrons  are  not  energetic  enough  to  cause  displacement  damage  so  that  these  traps 
must  be  associated  with  electronic  processes  in  the  oxide.  This  will  be  discussed  in  more  detail 
in  the  conclusions. 

The  electron  trapping  cross-sections  characteristic  of  these  centers  is  obtainable  from  an 
analysis  of  this  figure.  As  mentioned  earlier,  the  trap  cross-sections  are  proportional  to  the 
derivative  of  the  threshold  shift  with  injected  charge.  The  capture  cross-section  of  the 
positively  chared  center  is  about  lx  10‘,}  cm2  for  the  field  used  in  this  experiment.  The 
capture  cross-section  has  been  shown  to  be  coulombic  and  field  dependent  2,22.  The  neutral 
centers  have  a  continuous  spectrum  of  electron  capture  cross-sections".  These  are  distributed 
between  10  "  and  10  cm2.  The  cross-section  of  these  centers  exhibits  a  weak  dependence 
on  the  oxide  field12.  Hole  capture  cross-sections  for  traps  which  pre-exist  in  the  oxide”  or  fo: 
traps  which  are  generated  by  the  radiation21*  have  also  been  measuied.  The  capture  cross- 
section  for  holes  in  these  neutral  centers  was  between  I  x  10  11  and  1x10  14  cm2.  Tins  is 
probably  an  overestimate  of  the  actual  cross-section27. 

Figure  4  also  shows  that  anneals  at  400°C  leave  residual  positive  and  neutral  centers  in 
the  oxide  underlying  the  polysilcon  gale.  While  a  400°C  anneal  removes  this  charge  complete¬ 
ly  from  oxides  underlying  aluminum  gates,  anneal  temperatures  above  55 0°C  are  required  to 
remove  the  charge  completely  from  this  polysilicon  gate  device.  The  annealing  of  the  positive 
centers  has  been  shown  to  depend  on  the  metal  present  on  the  gate  during  the  anneal". 
Aluminum  plays  an  important  role  in  the  annealing  of  this  defect  which  not  yet  understood 
Neutral  centers  in  both  aluminum  and  polysilicon  gate  devices  require  temperatures  above 
550°C  to  be  completely  removed 

Another  feature  which  distinguishes  the  positively  charged  and  neutral  traps  from  each 
other  is  their  location  in  the  oxide  film.  In  this  section  it  will  be  shown  that  the  pre  existing 
centers  which  arc  filled  by  the  holes  generated  by  the  ionizing  radiation  are  at  the  interfaces  of 
the  film.  The  neutral  centers  created  by  the  radiation  in  an  uncharged  state  are  located  in  the 
bulk  of  the  oxide.  The  photemission  experiments  discussed  earlier  were  used  to  determine  the 
centroids  of  these  traps  in  MOS  capacitors  with  semitransparent  aluminum  gales 

In  the  case  of  the  positive  centers  the  capacitors  were  exposed  to  25KV  x-rays  while- 
under  positive  or  negative  bias.  Photoemission  characteristics  were  taken  on  the  same  capaci¬ 
tors  before  and  after  the  irradiation.  The  results  of  these  two  experiments  are  shown  in  Fig  5 
and  6.  The  photoemission  current  from  the  two  interfaces  is  plotted  against  the  voltage  across 
the  oxide,  obtained  by  subtracting  the  silicon  surface  potential  and  the  contact  potential 
difference  from  the  gate  voltage.  The  high  field  portion  of  the  emission  characteristic  is  shown 
to  simplify  interpretation  of  the  data22.  After  irradiation  the  characteristics  arc  shifted  to 
lower  voltages  due  to  the  presence  of  positive  charge  in  the  film.  The  results  under  positive- 
irradiation  bias  are  shown  in  Fig. 5.  This  sample  was  irradiated  and  measured  twice.  The 
change  in  flat-band  voltage  after  each  irradiation  is  given  in  the  figure.  Under  positive 
irradiation  bias  only  the  photocurrent  from  Ihe  silicon  is  shifted,  indicating  that  the  holes  arc- 
trapped  at  this  interface.  The  results  under  negative  radiation  bias  are  shown  in  Fig.h.  Under 
negative  irradiation  bias  only  photocurrcnl  from  the  aluminum  is  shifted  indicating  that  the 
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holes  are  trapped  under  the  gate.  These  results  are  consists. t  with  the  simple  picture  of  hole 
transport  toward  the  positively  biased  interface  and  electron  transport  toward  the  negative  one. 
Electron-hole  recombination  at  the  latter  interface  annihilates  any  charged  centers  at  this 
electrode.  From  the  limits  of  error  on  these  data,  the  holes  are  located  within  5  nm  or  less  of 
these  interfaces22.  Similar  results  are  obtained  when  holes  are  injected  into  the  oxide  using 
avalanche  injection  as  a  source  of  carriers2’.  In  this  instance  there  is  no  possibility  of  intro¬ 
ducing  extra  traps  into  the  oxide  as  there  is  with  radiation. 

In  the  case  of  neutral  centers  the  capacitors  were  irradiated  with  25KV  electrons  to  a 
total  dosage  of  lmC/cm2.  These  electrons  are  sufficiently  energetic  to  penetrate  the  oxide 
layer  completely.  The  capacitors  were  not  biased  during  the  irradiation.  After  irradiation 
these  aluminum  gate  capacitors  were  annealed  at  400°C  to  remove  the  positive  charge  from 
the  oxide.  Electrons  were  injected  into  the  oxide  to  fill  the  traps.  Photoemission  characteris¬ 
tics  were  compared  before  and  after  the  traps  were  filled  with  avalanche  injected  electrons. 
Results  of  this  experiment  are  displayed  in  Fig.  7.  After  injection  the  characteristics  are 
shifted  to  higher  voltages  consistent  with  the  presence  of  negative  charge  in  the  film.  Note 
that  the  shifts  for  injection  front  the  silicon  are  approximately  equal  to  those  front  the  gate. 
This  places  the  centroid  in  the  middle  of  the  oxide  since  the  charge  has  essentially  the  same 
effect  on  either  interface.  This  result  implies  that  the  electrons  trapped  in  the  neutral  centers 
are  distributed  uniformly  throughout  the  oxide.  Experiments  in  which  holes  are  avalanche 
injected  into  the  oxide  layer  of  MOS  capacitors  have  been  recently  performed  in  our  laborato¬ 
ry.  Although  the  data  interpretation  is  quite  complicated,  the  results  are  consistent  with  those 
presented  above  for  electron  trapping.  After  irradiation  additional  hole  traps  are  found  in  the 
bulk  of  the  oxide2’. 

The  results  in  Fig. 7  show  that  radiation  introduces  additional  traps  which  may  trap  holes 
or  electrons.  As  the  results  in  Fig.5  and  6  demonstrate,  no  evidence  has  been  found  that  these 
new  traps  are  charged  with  either  carrier  after  irradiation.  Since  equal  numbers  of  holes  and 
electrons  are  produced  by  the  radiation  recombination  is  a  likely  event.  For  this  reason  the 
trapped  holes  accumulate  at  the  interfaces  where  the  fields  make  rtLombination  with  electrons 
less  probable.  Holes  or  electrons  trapped  in  the  bulk  of  the  oxide  would  result  in  large  local 
fields  which  enhance  the  probability  of  recombination.  When  both  carriers  are  present,  holes 
trapped  in  the  bulk  would  tend  to  recombine  with  electrons.  On  the  other  hand,  avalanche  or 
photoinjection  is  a  single  carrier  injection  process  where  little  if  any  recombination  takes  place. 
Under  these  injection  conditions,  it  is  possible  to  charge  the  traps  once  they  have  been  created 
by  the  radiation. 

The  number  of  these  traps  depends  on  the  total  dosage  to  which  the  oxide  was  exposed. 
The  dosage  dependence  of  trap  generation  is  illustrated  in  Fig.  8.  In  this  figure  the  number  of 
trapped  holes  and  neutral  traps  measured  in  polysilicon  gate  MOSFET’s  is  plotted  against  the 
number  of  incident  25  KV  electrons  which  produce  the  damage.  In  these  experiments 
electrons  were  injected  into  the  oxide  to  determine  the  trap  densities.  While  the  total  number 
of  positive  centers  is  shown  on  this  figure  ,  only  the  neutral  traps  with  electron  capture 
cross-sections  above  10'lfi  cm2  are  measured.  The  background  density  of  positive  charge  in 
unirradiated  samples  is  below  10  l0/cni2.  The  background  density  of  neutral  centers  is 
coincident  with  the  trap  density  measured  at  the  lowest  dosages. 

The  dosages  used  to  irradiate  the  samples  are  relatively  high  but  can  be  encountered 
during  device  processing15-10.  For  example  at  this  energy  a  dosage  of  IOgC/cm2  results  in 
about  10  Mrads(Si)  being  absorbed  in  the  oxide.  Dosages  at  this  level  are  necessary  to 
produce  color  centers  in  crystalline  or  vitreous  SiOz  in  bulk  form28.  The  density  of  both 
positive  and  neutral  centers  increases  quite  slowly  with  increasing  dosage.  However  the 
positive  charge  shows  an  initial  buildup  at  dosages  two  orders  of  magnitude  lower  than  the 
neutral  centers.  Color  center  formation  in  bulk  Si02  also  shows  the  same  slow  buildup  and 
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two  stages  of  growth2*.  The  saturation  of  the  positive  charge  at  high  dosages  is  a  consequence 
of  the  buildup  of  a  retarding  field  at  the  interfaces  which  prevents  further  buildup  of  charge  in 
these  regions6.  In  this  particular  case  the  sample  was  not  biased  and  the  charge  buildup 
saturated  when  it  equalled  the  internal  field  due  to  the  work  function  difference  between  the 
gate  and  substrate.  The  total  number  of  hole  traps  at  the  interfaced  higher  than  that  shown 
here.  The  neutral  traps  on  the  other  hand  continue  to  increase  slowly  after  saturation  of  the 
positive  centers.  The  same  slow  increase  is  noted  when  holes  are  used  to  probe  the  bulk 
neutral  centers  which  are  created  by  the  radiation. 

These  results  independently  affirm  that  different  mechanisms  are  responsible  for  the 
formation  of  the  centers.  While  additional  hole  or  electron  traps  may  be  formed  in  the  bulk  at 
high  dosages,  electron-hole  recombination  in  the  bulk  prevents  these  centers  from  obtaining  a 
net  charge  during  the  irradiation.  For  this  reason  the  positive  charge  measured  in  this 
experiment  is  mainly  determined  by  the  filling  of  pre-existing  hole  traps  in  the  oxide.  The 
neutral  centers  do  not  exist  prior  to  the  irradiation  and  are  generated  during  the  irradiation. 
The  formation  mechanism  for  the  neutral  centers  in  Si02  is  not  clear  at  this  time.  However 
ionizing  radiation  is  known  to  create  new  defects  in  the  alkali  halides'2.  In  this  material 
strictly  electronic  processes,  involving  electron-lattice  interactions  are  thought  to  produce  these 
centeis33.  These  processes  require  multiple  events  and  are  inherently  lower  probability  events 
than  charge  capture  by  an  existing  defect.  This  may  explain  why  neutral  center  formation 
requires  higher  dosages  than  the  positive  center.  Neutral  center  formation  which  involves  the 
actual  creation  of  a  new  trap  is  expected  to  require  higher  dosages  than  the  trapping  of  a  hole, 
generated  by  the  radiation,  at  a  pre-existing  center  This  dosage  dependence  of  the  neutral 
centers  is  consistent  with  the  production  of  traps  by  random  interaction  of  the  radiation  with 
centers  in  the  oxide.  These  centers  have  some  probability  for  conversion  to  a  trap  when  they 
interact  with  radiation.  Those  centers  with  the  highest  conversion  probability  are  converted  at 
the  lowest  dosages  and  soon  saturated.  Additonal  centers  with  lower  conversion  probabilities 
are  the  next  to  be  converted  .  A  continuous  spectrum  of  these  centers  would  account  for  the 
shape  of  this  curve. 

CONCLUSIONS 

The  effects  of  ionizing  radiation  on  thin  SiO,  films  have  been  examined  and  their  technical 
importance  has  been  described.  The  electrical  properties  of  the  MOS  system  have  been  shown 
to  be  an  ideal  vehicle  for  studying  them  and  the  results  of  such  studies  have  been  presented. 
In  addition  to  filling  pre-existing  hole  traps  at  the  oxide  interfaces,  it  has  been  It  has  been 
demonstrated  that  ionizing  radiation  creates  additional  traps  in  the  bulk  of  the  oxide,  in 
addition  to  supplying  carriers  to  pre-existing  traps  at  the  interfaces.  These  traps  have  no  net 
charge  immediately  following  irradiation  but  can  trap  either  electrons  or  holes  which  are 
injected  subsequent  to  irradiation.  While  hole  traps  are  filled  at  relatively  low  dosages,  higher 
dosages  are  required  to  create  the  neutral  centers. 

Models  describing  the  positive  centers  on  an  atomic  level  have  been  discussed  by  Mott 
and  Griscom  at  this  conference  and  previously  by  others'4  '3.  The  E  ’  center  in  particular  has 
been  identified  with  this  charged  defect36.  The  neutral  center  has  not  previous'y  been 
observed  and  its  atomic  nature  is  not  well  understood.  Its  general  properties  allow  some 
conclusions  to  be  drawn.  1  he  trap  is  probably  dipolar  in  nature.  Such  a  center  would  appear 
to  be  neutral  at  a  few  atomic  diameters  from  its  location  and  still  be  capable  of  capturing 
electrons  or  holes  which  approach  within  a  critical  distance.  The  capture  cross-sections 
observed  for  the  neutral  centers  are  consistent  with  this  picture".  While  Ihe  hole  and  electron 
traps  discussed  here  may  not  necessarily  occur  on  the  exact  same  defect,  such  a  situation  is 
plausible  in  this  model.  The  negative  side  of  the  dipole  can  trap  holes  and  the  positive  side 
trap  electrons.  Such  a  center  could  be  formed  when  ionizing  radiation  breaks  a  bond  in  the 
Si02  .  Some  time  would  elapse  before  the  bond  could  be  re-established.  If  during  this  lime  a 
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slight  lattice  relaxation  occurs,  this  bond  would  not  be  reformed  in  its  original  configuration. 
Such  a  configuration  results  in  positive  and  negative  charges  separated  by  a  short  distance;  a 
dipolar  center.  Based  on  the  capture  cross  section  data  these  distances  are  less  than  a  few 
hundredths  of  a  nanometer11. 

No  evidence  is  available  at  this  time  to  determine  if  these  centers  are  formed  from 
impurities  in  the  Si02  or  from  intrinsic  centers.  ESR  and  optical  studies  of  bulk  or  thin  film 
samples  would  lend  some  insight  in  this  regard.  Integrating  this  center  into  the  list  of  defects 
already  identified  in  bulk  glasses  is  an  interesting  challenge. 
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Fig.  I  Schematic  cross-section  of  an  n  channel  enhancement  mode  MOSFET.  The  figure 
shows  the  use  of  Si02  to  isolate  the  active  device  from  other  active  devices  and  to 
couple  the  voltage  applied  at  the  gale  to  the  underlying  p-type  semiconductor.  This 
voltage  is  used  to  control  the  current  passing  between  source  and  drain. 


Fig. 2  The  effect  of  gate  voltage  on  the  current  between  source  and  drain  is  illustrated  in  this 

figure.  The  source-drain  current  is  plotted  against  the  voltage  between  these  contacts. 
A  circuit  diagram  defining  the  measured  quantities  is  also  given.  The  gate  oxide  of  this 
device  is  25  nm  thick. 
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Fig.3  The  effect  of  a  positive  charge  sheet  on  the  interface  fields  (Fig.  3a),  high  frequency 
capacitance  (Fig.3b),  and  photoemission  current  (Fig.3c)  of  an  MOS  capacitor.  The 
dotted  lines  denote  these  quantities  when  the  oxide  is  free  of  charges  and  the  solid 
lines  show  how  N  charges  per  unit  area,  located  at  a  position  x  in  the  film  change  their 
behavior.  The  changes  in  the  interfacial  fields  are  also  given  in  Fig.  4a  The  oxide  is 
assumed  to  have  thickness  t  and  dielectric  constant  r. 

OX 
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Fig.4  The  threshold  voltage  shift  which  occurs  as  injected  electrons  are  trapped  at  defects  in 
the  gate  oxide  is  plotted  against  the  number  of  electrons  which  have  been  injected  into 
the  oxide  per  unit  gate  area.  These  measurements  were  made  on  polysilicon  gate 
MOSFET’s  whose  gate  oxide  was  35  rnn  thick.  A  field  of  0.7  MV/cm  was  present 
across  the  oxide  during  the  injection. 


Fig5.  The  photoemission  characteristics  of  an  MOS  capacitor  with  a  semitransparent 
aluminum  gate  are  shown  before  and  after  irradiation  under  positive  bias.  These 
samples  had  50  nm  oxides  which  were  subjected  25KV  X-rays.  The  capacitor  was 
irradiated  and  measured  twice  as  shown  in  the  figure.  In  this  case  the  charge  is  located 
at  the  Si/Si02  interface. 


OXIDE  VOLTAGE  (V) 


Fig. 6  The  photoemission  characteristics  of  an  MOS  capacitor  with  semitransparent  aluminum 

gates  are  shown  before  and  after  irradiation  under  negative  bias.  Except  for  the  sign 
of  the  bias  all  the  experimental  conditions  are  similar  to  those  described  for  Fig. 5.  In 
this  case,  the  data  indicates  that  the  charge  is  located  at  the  Al/Si02  interface. 
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Fig.7  The  photoemission  characteristics  of  an  MOS  capacitor  with  a  semitransparent 
aluminum  gate  are  shown  before  and  after  the  neutral  centers  created  by  irradiation 
are  filled  with  electrons.  The  photocurrent  measured  from  the  aluminum  interface  is 
shown  in  Fig.7a  while  that  from  the  silicon  is  shown  in  Fig.7b.  These  capacitors  had 
50  nm  thick  oxides  and  were  irradiated  with  25KV  electrons.  These  results  indicate 
that  the  neutral  centers  are  distributed  uniformly  throughout  the  oxide. 
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Fig.8  The  density  of  positive  and  neutral  centers  present  in  the  gate  oxide  of  a  polysilicon 
gate  MOSFET  is  plotted  against  the  total  number  of  25  KV  electrons  incident  per  unit 
surface  area.  While  the  total  number  of  positive  centers  is  shown  in  this  figure,  only 
the  neutral  centers  with  cross-sections  less  than  10'1'’  cm2  are  shown.  The  gate  oxide 
in  this  device  is  45  nm  thick. 
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ATTENUATED  TOTAL  REFLECTANCE  STUDY  OF  SILICON  RICH 
SILICON  DIOXIDE  FILMS 


A.  Hartstein,  D.  J.  DiMaria,  D.  W.  Dong  and  i.  A.  Kucza 

IBM  -  Thomas  J.  Watson  Research  Center 
Yorktown  Heights,  New  York 


abstract 


The  infrared  absorption  of  Si  rich  SiOz  films  has  been  measured  using  the  attenuated  total 
reflection  technique.  Absorption  lines  attributed  to  SiOH,  H20  and  SiH  groups  have  been 
observed  in  the  as-deposited  films.  The  concentrations  of  these  impurities  were  found  to  be  in 
the  mid  1018  cm-3  range.  Following  a  1000  C  anneal  no  absorption  lines  were  observed,  and 
the  concentration  limit  was  found  to  be  less  than  the  mid  1016  cm'5  range. 
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Currently,  there  is  much  interest  in  silicon  rich  silicon  dioxide  films  (commonly  called 
semi-insulating  polycrystalline  silicon,  SIPOS)  for  passivation12  and  non-volatile  memory 
device3-4  applications.  Previous  investigations  using  Auger  electron  spectroscopy  (AES), 
X-ray  diffraction,  transmission  electron  microscopy  (TEM),  and  X-ray  photoelectron  spectros¬ 
copy  (XPS)  have  shown  the  presence  of  elemental  silicon  and  various  silicon  oxide  phases  in 
these  films3-6.  In  a  recent  study,  Hartstein  et.  al.7  have  shown  that  the  as-deposited  Si  rich 
SiOi  films  consist  of  regions  of  amorphous  silicon  within  an  Si02  matrix,  and  subsequent 
annealing  above  1000  C  crystallizes  the  amorphous  regions.  The  size  of  these  crystalline 
regions  had  been  previously  shown  to  be  <  100  A,  increasing  with  annealing  temperature  and 
only  weakly  dependent  on  oxygen  concentration5. 

Pliskin8  has  investigated  the  infrared  absorption  properties  of  thick  Si02  films  deposited 
in  a  variety  of  ways.  Of  particular  interest  to  us,  he  has  quantified  the  infrared  absorptions 
due  to  SiOH  and  H20  groups  in  these  films.  Beckmann  et.  al.9  and  Murau  et.  al.10  have  used 
the  attenuated  total  reflection  (ATR)  technique  to  look  at  the  infrared  absorption  due  to 
SiOH,  H20,  and  SiH  groups  in  thin  (<  1000  A)  Si02  films.  Jn  this  paper  we  present  the 
results  of  an  attenuated  total  reflectance  study  of  Si  rich  Si02  films.  We  find  significant 
amounts  of  SiOH,  HzO,  and  SiH  groups  in  the  as-deposited  films,  but  no  detectable  impurities 
following  a  1000  C  anneal. 

For  this  study,  both  Si02  and  Si  rich  Si02  films  were  chemically  vapor  deposited  (CVD) 
at  700  C  on  silicon  total  internal  reflection  elements  to  a  thickness  of  1000  A.  Using  techni¬ 
ques  previously  described11,  the  CVD  Si  rich  Si02  films  were  fabricated  using  a  ratio,  R0,  of 
the  concentration  of  N20  to  SiH4  in  the  gas  phase  equal  to  3,  and  contained  46  atomic  percent 
Si.  After  measurement,  the  samples  were  cleaned  in  alkali  and  acid  peroxide  solutions  using  a 
procedure  similar  to  that  used  by  Irene12,  but  without  HF,  and  subsequently  annealed  at  1000 
C  in  N2  for  30  min. 
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The  infrared  spectra  were  obtained  using  a  Perkin  Elmer  Model  180  spectrometer.  The 
internal  angle  of  incidence  in  the  silicon  total  internal  reflection  element  was  32°,  and  the 
geometry  was  such  that  80  internal  reflections  were  obtained.  The  spectra  obtained  for  the 
CVD  Si02  film  both  as-deposited  and  following  the  1000  C  anneal  are  shown  in  Fig.  1.  The 
corresponding  spectra  obtained  for  the  CVD  deposited  Si  rich  Si02  film  both  as-deposited  and 
following  the  1000  C  anneal  are  shown  in  Fig.  2.  Both  of  the  as-deposited  films  exhibit 
absorption  lines  at  3640  cm'1,  3400  cm'1,  and  2260  cm'1,  which  are  absent  after  annealing. 
The  lines  at  3640  cm'1  and  3400  cm  1  have  been  attributed  to  SiOH  and  H20  groups, 
respectively.8  The  line  at  2260  cm'1  has  been  attributed  to  the  SiH  group.910  It  is  clear  from 
the  spectra  that  more  impurities  are  present  in  the  Si  rich  film  than  in  the  pure  SiOz  film, 
particularly  the  SiH  group.  It  is  also  clear  that  annealing  at  1000  C  removes  these  impurities 
from  the  films.  In  what  follows  we  seek  to  determine  the  actual  concentration  of  impurities 
represented  by  (he  absorption  lines  in  the  spectra. 

Pliskin8  has  analysed  the  silanol  (SiOH)  and  water  content  of  Si02  films  gravimetrically 
and  related  the  weight  percents  to  the  strengths  of  the  infrared  absorptions.  The  relationships 
given  are 


W  «  (-MAjgjQ  +  89Aj3jo)(2.2/p)  and  (1) 

S  -  (179A3650  -  41A3J30)(2.2/p),  (2) 

where  W  is  the  wt.  %  water  (including  HzO  from  "easily"  removed  silanol),  S  is  the  wt.  % 
OH  as  silanol,  p  is  the  density  of  the  film  in  g/cm3,  and  A,  is  the  optical  density  per  pm  of 
film  at  frequency  v.  In  the  analysis  that  follows,  we  take  the  density  of  the  films  to  be  2.2 
g/cm3,  and  identify  our  3640  cm'1  absorption  with  Pliskin’s  3650  cm'1  absorption,  and  our 
3400  cm'1  absorption  with  his  3330  cm-1  absorption.  The  weight  percentage  determination  is 
easily  changed  to  a  concentration  determination  by  using  the  atomic  weights  of  the  species 
involved. 
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In  order  to  utilize  Eqs.  1  and  2  to  determine  the  concentration  of  silanol  and  water  in  the 
Si02  films,  we  must  calibrate  the  absorption  strength  measured  in  our  particular  ATR  geome¬ 
try.  We  have  chosen  a  direct  method  of  accomplishing  this.  The  absorption  band  in  transmis¬ 
sion  of  Si02  near  1600  cm*1  was  accurately  measured  using  a  6.56  pm  thick  sample  annealed 
at  1000  C.  The  strength  of  this  absorption  was  then  compared  to  the  same  line  measured  on 
the  annealed  samples  using  the  ATR  geometry.  From  this  comparison  it  is  found  that  the 
effective  gain  from  this  ATR  geometry  was  a  factor  of  92  over  a  transmission  measurement. 
Using  this  factor  and  Eqs.  1  and  2,  the  concentration  of  SiOH  and  H20  groups  in  the  Si02 
films  can  be  calculated  The  results  of  this  calculation  are  shown  in  Table  1.  The  entry  for 
the  annealed  films  gives  the  upper  limit  of  the  concentration  of  these  impurities  that  can  be  set 
from  the  present  measurement.  It  does  not  represent  the  limits  of  the  sensitivity  of  the  ATR 
technique. 

The  correlation  of  the  infrared  absorption  of  the  Si-H  bond  to  concentration  has  been 
worked  out  in  detail  by  Brodsky  et.  al.13  They  give  the  following  relation  for  the  concentration 
of  any  species  to  its  absorption. 

N  -  -(1-±.2fm)Z  f  (3) 

9em2  (I7£)  J  « 

where  N  is  the  concentration  of  Si-H  bonds,  em  *  2.2  is  the  optical  dielectric  constant  of 
Si02,  Na  is  Avogadro's  number,  n  is  the  number  of  host  bonds  in  units  of  m-mole/cm3,  T  is 
the  absorption  strength  of  the  Si-H  bond  in  units  of  cm2/m-mole,  f  is  the  number  of  Si-H 
bonds  per  silicon  atom  (taken  to  be  1  for  our  case),  a  is  the  absorption  coefficient  and  u  is  the 
frequency.  Following  Brodsky  et.  al.13,  we  take  T  -  3.5  for  Si-H  bonds.  Brodsky’s14  nuclear 
analysis  of  the  H  content  of  amorphous  silicon  films  shows  that  Eq.  3  overestimates  the  Si-H 
concentration  by  a  factor  of  2. 

In  order  to  calibrate  the  determination  of  the  concentration  of  Si-H  bonds,  we  have  used 
a  technique  similar  to  that  described  above.  Using  the  transmission  data  of  the  thick  Si02  film 
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and  Eq.  3,  we  have  obtained  the  value  of  T  «  0.094  cm2/m-mole  for  the  particular  vibrational 
mode  of  Si02  giving  the  1600  cm'1  absorption.  Using  this  value  and  the  absorption  data  for 
the  same  line  in  the  ATR  spectrum,  it  is  possible  to  calibrate  the  integrated  absorption  lines  in 
a  similar  way  to  the  procedure  already  used  to  calibrate  the  absorption  intensities.  With  this 
scaling  procedure,  the  absorption  lines  at  2260  cm'1  were  analysed  using  Eq.  3,  including  the 
factor  of  2  correction,  in  order  to  obtain  the  concentration  of  Si-H  bonds  in  the  samples. 
These  results  are  also  given  in  Table  1. 

From  these  results  it  is  clear  that  the  amounts  of  silanol  and  water  in  both  the  as- 
deposited  Si  rich  Si02  and  the  CVD  Si02  films  are  comparable.  The  Si  rich  film  shows 
somewhat  more  silanol  and  almost  a  factor  of  2  more  water  than  the  normal  CVD  film.  The  Si 
rich  film  also  shows  more  than  10  times  more  SiH  than  the  normal  CVD  film.  This  fact  is 
consistent  with  the  presence  of  excess  Si,  but  the  concentration  of  SiH  does  not  even  come 
close  to  accounting  for  the  majority  of  excess  Si  present  in  the  film.  The  excess  Si  is  predomi¬ 
nantly  contained  in  seggregated  amorphous  silicon  regions. 

It  is  also  important  to  note  that  the  frequency  of  the  SiH  absorption  observed  (2260  cm1) 
is  not  the  same  as  observed  for  SiH  bonds  in  amorphous  Si,13  but  is  rather  close  to  the  Si-H 
bond  (2280'1)  found  in  amorphous  Si02.' 5  Therefore,  although  it  might  be  tempting  to 
suppose  that  the  hydrogen  is  present  in  the  amorphous  Si  regions,  that  appears  not  to  be  the 
case.  It  must  be  present  in  the  Si02  itself  (it  is  also  observed  in  the  normal  CVD  Si02)  and 
possibly  also  at  the  interfaces  between  the  Si02  and  the  amorphous  Si  regions. 

There  is  an  additional  small  absorption  line  at  2140  cm-1  which  we  have  been  neglecting 
up  till  now.  It  is  close  to  the  absorption  line  expected  for  Si-H  bonds  in  amorphous  silicon 
when  either  O  of  N  is  present  in  the  back  bonds  of  the  Si. 15  If  this  identification  is  correct,  the 
absorption  corresponds  to  a  uniform  density  of  3.8  x  1017  cm'3.  Equivalently,  it  corresponds 
to  a  hydrogen  density  in  the  amorphous  silicon  regions  of  3.1  x  1018  cm  3.  It  should  be  noted 
that  this  absorption  line  is  only  seen  in  the  S'  rich  films. 
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It  is  quite  difficult  to  assess  the  possible  error  present  in  the  concentrations  determined 
using  this  procedure.  In  the  ATR  work  of  Beckmann  et.  al.9,  they  claim  an  accuracy  of  only 
an  order  of  magnitude.  The  present  experiment  is  much  better  than  that  since  we  used  a  direct 
experimental  method  of  calibrating  the  ATR  method  rather  than  the  theoretical  calculation 
used  by  Beckmann  et.  a!.9  The  absolute  accuracy  is  then  probably  better  than  a  factor  of  2, 
and  the  relative  accuracies  of  the  concentrations  considerably  better  than  that. 

In  passing,  it  is  worth  noting  that  in  the  Si  rich  Si02  film,  one  additional  absorption  line 
can  be  detected  which  is  not  present  in  either  the  CVD  oxide  or  the  annealed  samples.  The 
line  appears  at  1770  cm1.  We  have  not  identified  the  mechanism  responsible  for  this  absorp¬ 
tion  as  yet.  ft  could  be  due  either  to  bonding  differences  in  the  Si  rich  oxide  or  to  an  addition¬ 
al  impurity. 

In  conclusion,  we  have  measured  the  infrared  absorption  of  Si  rich  Si02  films  using  the 
attenuated  total  reflection  technique.  The  films  were  found  to  contain  substantial  amounts  of 
SiOH,  H20  and  SiH  groups.  These  impurities  were  found  to  disappear  following  a  1000  C 
anneal. 

We  wish  to  thank  M.  H.  Brodsky  for  many  helpful  discussions  as  well  as  a  critical  reading 
of  this  manuscript. 
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Figure  1  shows  the  infrared  ATR  spectra  for  CVD  deposited  Si02  films  both  as  deposited  and 
following  a  1000  C  anneal.  Because  of  the  ATR  geometry,  the  units  of  transmission  should  be 
regarded  arbitrary  The  curve  for  the  1000  C  anneal  has  been  shifted  upward  for  clarity. 
Prior  to  this  shift  the  transmissions  at  4000  cm'1  were  equal. 


Figure  2  shows  the  infrared  ATR  spectra  for  CVD  deposited  Si  rich  Si02  films  both  as- 
deposited  and  following  a  1000  C  anneal.  The  transmission  is  in  arbitrary  units,  and  the  1000 
C  anneal  curve  has  been  shifted  for  clarity.  Prior  to  this  shift  the  transmissions  were  equal  at 
4000  cm'1. 
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Abstract. 

Electron  trapping  in  silicon  dioxide  is  reduced  by  nitrogen  annealing  in  a  furnace 
system  with  very  low  moisture  content  and  special  cooling  techniques.  The  flatband  voltage 
shift  resulting  from  injected  hot  electrons  is  significantly  reduced  by  the  annealing  together 
with  the  interface  states  generated.  The  trapped  charge  is  laterally  nonuniform  when  the  oxide 
is  not  annealed.  From  photo  1-V  measurements,  the  density  of  electrons  trapped  in  the  bulk 
of  the  oxide  is  reduced  by  this  treatment.  The  distribution  of  the  trapped  charge  changes  from 
a  uniform  distribution  in  the  bulk  for  a  one  hour  anneal  to  a  distorted  U  shape  distribution, 
with  a  larger  build-up  on  the  aluminum-silicon  dioxide  side  for  a  17  hour  anneal.  The  density 
of  trapped  charge  close  to  the  silicon-silicon  dioxide  interface  is  reduced  and  thus  the  small 
flatband  voltage  shift.  With  the  reduction  in  bulk  charge,  interface  state  charge  becomes 
important. 


*  This  research  was  supported  by  the  Defense  Advanced  Research  Projects  Agency,  and  was 
monitored  by  the  Deputy  for  Electronic  Technology  (RADC)  under 
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Electron  trapping  in  silicon  dioxide  is  a  problem  in  the  long  term  stability  of 
MOSFETs  [1]  and  an  important  degradation  mechanism  in  EAROMs  [2].  Reduction  of 
electron  trapping  is  thus  very  important  for  integrated  circuit  technology.  This  paper  describes 
techniques  to  significantly  reduce  the  effect  of  electron  trapping  in  a  metal-oxide-silicon 
system.  Electron  traps  in  silicon  dioxide  can  be  divided  into  two  groups  by  their  different 
origins.  The  first  group  consists  of  traps  that  are  introduced  after  the  oxide  is  grown: 
radiation  induced  traps  [3]  and  traps  from  implantation  [4].  The  second  group  of  traps  are  the 
ones  that  are  present  in  as-grown  oxide  [5,6].  These  as-grown  oxide  traps  have  recently  been 
studied  and  are  found  to  be  distributed  uniformly  in  the  bulk  at  room  temperature  [6],  They 
are  believed  to  be  related  to  water  centers  [7]  and  annealing  of  the  oxides  for  extended 
periods  reduces  the  density  of  these  traps  [5,6].  The  exact  effect  of  the  annealing  is,  however, 
not  understood.  In  the  present  work,  we  have  repeated  the  annealing  experiments  and 
discovered  that  by  very  carefully  excluding  moisture  from  the  oxidation  system,  oxides  with 
very  low  density  of  bulk  traps  can  be  obtained.  The  results  of  the  annealing  experiment  and 
the  trapping  properties  of  such  oxides  are  reported  in  this  paper. 

The  furnace  system  for  oxidation  and  annealing  has  been  described  previously  [8]. 
The  important  features  are  a  double-walled  quartz  tube  with  dry  nitrogen  flowing  between  the 
walls,  and  the  preburning  and  cold  trapping  of  the  gases  to  reduce  the  amount  of  moisture  to 
less  than  1  ppm.  The  system  is  kept  dry  for  a  few  days  before  oxidation  and  annealing  as  it 
takes  a  long  time  to  reach  the  driest  level.  Another  important  step  is  to  remove  the  wafers 
into  a  chamber  flushed  by  dry  nitrogen  continuously  at  room  temperature,  instead  of  exposing 
them  to  the  atmosphere  while  they  are  hot.  Failure  to  cool  the  samples  in  a  dry  environment 
will  give  a  high  density  of  traps  even  after  the  long  time  anneal.  It  is  postulated  that  the  oxide 
at  high  temperature  will  absorb  moisture  very  easily.  For  the  present  experiment,  500  A  of 
oxide  is  grown  at  1000°C  and  annealed  in  nitrogen  at  the  same  temperature  for  different 
times.  The  wafers  are  metallized  right  after  annealing.  Aluminum  135  A  thick  is  evaporated 
onto  the  oxide  through  metal  masks  to  give  32  mil  diameter  capacitors.  The  thin  transparent 
aluminum  electrode  is  necessary  for  photo  I-V  measurements  |9].  The  wafers  are  then 
annealed  in  forming  gas  at  400°C  for  20  minutes.  The  system  for  avalanche  and  flatband 
tracking  has  been  described  previously  [6],  High  frequency  and  quasistatic  capacitance  and 
photo  I-V  curves  [9]  are  measured  before  and  after  injection  to  determine  trap  distribution 
and  charge  density. 

Figure  1  shows  the  flatband  voltage  shift  as  a  function  of  injected  charge  for  three 
500  A  oxides  annealed  for  0,  1,  and  17  hours,  respectively.  The  injection  is  carried  out  at 
100°C  to  minimize  the  effect  of  positive  charge  [6],  It  can  be  seen  that  the  flatband  voltage 
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shifts  are  significantly  reduced  by  annealing.  The  total  shift  is  much  smaller  than  what  was 
reported  previously  [5,6].  The  effective  trapped  charge  per  unit  area  (AN,.ff  in  [5])  is  only 
8  x  10u)/cm2  for  the  17  hour  oxide  after  the  injection  of  10'x/cm2  electrons.  This  is  to  be 
compared  to  the  best  values  of  1.7  x  1012/cm2  in  [5]  and  2.5  x  10* '/cm2  in  [6],  Figure  11, 
III  and  IV  show  the  capacitance  curves  before  and  after  injection  of  10ls/cm2  electrons  for 
the  three  oxides.  The  shift  in  high  frequency  capacitance  is  much  smaller  for  the  17  hour 
oxide.  More  importantly,  there  is  also  less  interface  state  generation,  which  can  be  seen  from 
the  smaller  distortion  in  the  high  frequency  curve  and  the  steeper  dip  in  the  quasistatic  curve. 
For  the  oxide  that  is  not  annealed,  there  is  evidence  that  the  charge  trapped  in  the  oxide  is 
laterally  nonuniform.  Part  of  the  capacitance  distortion  comes  from  real  interface  states  and 
part  of  it  comes  from  nonuniformity.  Since  it  is  difficult  to  separate  the  two  components,  an 
apparent  interface  state  density  is  calculated  from  the  quasistatic  and  high  frequency  capaci¬ 
tance  curves  as  a  measure  of  the  effect  of  hot  electron  injection.  This  large  lateral  nonuni¬ 
formity  of  the  trapped  charge  has  not  been  observed  before  in  other  trapping  experiments. 
The  important  difference  in  the  present  case  is  that  the  wafer  was  pulled  from  the  furnace 
with  oxygen  flowing.  A  5  minute  nitrogen  anneal  is  sufficient  to  remove  the  large  nonuni¬ 
formity.  The  detail  of  the  process  is  now  being  investigated.  For  the  oxides  that  are  ann¬ 
ealed,  the  amount  of  lateral  nonuniformity  is  very  small  and  the  calculated  interface  density 
states  is  real.  Interface  states  introduce  additional  charge  in  the  oxide  silicon  system  and  the 
flatband  voltage  may  not  be  the  best  point  for  measuring  charge  in  the  oxide  [10].  One 
important  feature  of  the  interface  state  spectrum,  shown  in  Fig.  V,  is  the  increase  in  interface 
state  density  above  midgap  towards  the  conduction  band.  The  increase  may  be  exaggerated  by 
lateral  nonuniformity  but  is  definitely  a  real  effect.  This  is  similar  to  the  interface  slate 
spectrum  observed  in  radiation  damaged  oxide  [11]  and  the  two  processes  may  be  related. 
This  may  also  explain  the  larger  shift  of  the  quasistatic  curve  on  the  inversion  side  compared 
to  the  flatband  side  seen  most  clearly  on  Fig.  IV.  If  the  interface  states  above  midgap  are 
acceptors  [10],  they  will  be  negatively  charged  when  the  Fermi  level  moves  above  the  states, 
which  is  the  case  when  the  surface  is  inverted.  This  has  a  very  important  consequence.  As 
the  threshold  voltage  of  n-channel  MOSFETs  is  determined  by  the  onset  of  inversion,  the 
threshold  voltage  shift  will  be  larger  than  the  flatband  voltage  shift  measured  in  capacitors 
Both  bulk  electron  charge  and  interface  state  charge  contribute  to  the  shift  of  the  threshold 
voltage.  When  the  bulk  charge  is  lowered,  the  interface  state  charge  becomes  important. 

The  photo  I-V  curves  for  positive  and  negative  biases  are  shown  in  Fig.  VI,  VII  and 
VIII.  The  interpretation  of  photo  I-V  curves  is  complicated  in  the  present  case  because  of 
interface  effects.  When  the  charge  is  located  in  the  bulk  of  the  oxide,  the  photo  I-V  curves 


will  be  shifted  in  a  parallel  fashion  down  to  the  zero  current  level  [9],  When  the  charge 
density  changes  close  to  the  interface,  the  photo  I-V  shift  will  no  longer  be  parallel,  but 
converges  or  diverges,  depending  on  whether  the  charge  is  positive  or  negative.  When  there 
are  both  positive  and  negative  charges,  the  shift  is  determined  by  the  net  charge.  This  is  the 
basis  of  the  technique  developed  by  Powell  and  Berglund  [12)  to  profile  the  charge.  However, 
when  there  is  charge  that  is  very  close  to  the  interface,  the  discreteness  of  the  charge  may  give 
a  laterally  nonuniform  field  at  the  interface  even  though  the  charge  distribution  is  laterally 
uniform  and  the  measured  photocurrent  will  be  higher  than  if  the  field  is  uniform.  For  photo 
1-V  shifts  that  are  diverging,  as  is  the  case  in  the  17  hour  oxide  [Fig.  VIII],  the  divergence 
cannot  be  explained  by  nonuniformity  in  the  electric  field.  If  nonuniformity  is  a  problem,  the 
real  curve  should  diverge  even  more.  The  present  result  shows  that  there  is  a  net  build  up  of 
negative  charge  towards  the  interface  and  the  voltage  shift  at  the  highest  field  can  be  a 
measure  of  the  lower  limit  of  the  amount  of  net  negative  charge  in  the  oxide  that  is  contribut¬ 
ing  to  changing  the  electric  field  at  the  injecting  interface.  For  the  1  hour  oxide  [Fig.  VII], 
the  photo  I-V  shifts  are  parallel  down  to  almost  the  zero  current  level.  This  means  that  the 
charge  is  distributed  in  the  bulk  with  little  or  no  build  up  towards  the  interfaces.  The  shifts 
for  the  unannealed  oxide  [Fig.  VI]  are  different  from  the  others.  The  curves  are  parallel  in  the 
high  field  region  but  are  divergent  in  the  low  field  region.  This  is  due  to  the  laterally  nonuni¬ 
form  charge  distribution.  Different  regions  with  different  density  of  trapped  charge  will  give 
different  photo  I-V  shifts.  The  final  curve  is  the  sum  of  contribution  from  the  different 
regions.  The  curves  become  parallel  when  all  the  regions  are  contributing  to  the  shift.  The 
parallel  voltage  shift  is  a  measure  of  the  average  charge  density  in  the  oxide  and  will  be  used 
accordingly.  It  must  also  be  noted  that  the  accuracy  of  the  photo  1-V  measurement  is  limited 
when  the  shifts  are  very  small  or  when  the  slope  of  the  curve  is  very  shallow. 

Using  the  above  interpretation,  one  obtains  a  total  charge  density  of  4.3  x  10,2/cm2 
for  the  unannealed  oxide,  1.2  x  1012/cm2  for  the  1  hour  oxide  and  1  x  1012/cm2  for 
17  hour  oxide.  These  are  typical  numbers  and  they  may  vary  by  ±25%  from  capacitor  to 
capacitor.  There  is  a  large  drop  of  total  oxide  charge  with  the  1  hour  anneal  but  only  a  small 
additional  drop  for  the  17  hour  anneal.  The  distribution  is,  however,  very  different.  For  the 
unannealed  oxide,  the  charge  is  distributed  in  the  bulk  and  laterally  nonuniform.  Looking  at 
the  average  charge  density,  the  charge  centroid  is  in  the  center  of  the  oxide.  The  charge  in  the 
1  hour  oxide  is  approximately  distributed  uniformly  in  the  bulk  with  a  charge  centroid  again  in 
the  middle  of  the  oxide.  For  the  17  hour  oxide,  there  is  build  up  of  charge  towards  the  two 
interfaces  and  a  lower  density  of  bulk  traps.  In  fact,  a  larger  fraction  of  the  charge  is  located 
near  the  aluminum-silicon  dioxide  interface.  Since  the  effect  of  the  charge  on  the  band 


bending  in  silicon  is  weighed  by  the  inverse  of  the  distance  from  silicon,  the  effect  of  the 
trapped  charge  on  the  silicon  is  significantly  reduced.  It  must  be  noted  that  there  is  a 
discrepancy  between  the  maximum  positive  photo  I-V  shift  and  the  midgap  voltage  shift 
measured  by  capacitance.  The  photo  I-V  shift  is  larger  indicating  a  compensating  positive 
charge  at  the  interface  (6].  The  density  of  the  positive  charge  is  also  reduced  by  annealing. 

The  origin  of  this  change  in  distribution  is  still  being  investigated.  The  injection  of  hot 
electrons  and  the  subsequent  trapping  at  different  sites  is  a  technique  to  locate  trap  centers  in 
the  oxide.  Using  suitable  approximations,  the  capture  cross  section  and  density  of  different 
traps  can  be  calculated  by  studying  the  kinetics  of  the  trapping  process  |6|.  However,  the 
physical  origin  of  the  traps  cannot  be  determined  by  this  experiment  alone.  Traps  from 
different  sources  may  have  the  same  electrical  cross  section  and  would  not  be  separated  in  the 
trapping  study.  In  order  to  identify  the  physical  origin  of  the  traps,  other  control  or  analytical 
experiments  must  be  performed  to  correlate  the  results.  In  fact,  the  trap  centers  may  be 
generated  by  the  avalanche  and  hot  electron  injection,  especially  at  the  interface.  It  was 
postulated  that  the  traps  in  as-grown  oxide  are  due  to  water  related  centers.  The  fact  that 
bulk  traps  are  reduced  by  annealing  is  consistent  with  this  explanation,  but  it  is  by  no  means 
the  only  explanation.  The  build-up  of  traps  at  the  interfaces  may  come  from  the  redistribution 
of  water  related  centers  or  the  appearance  of  other  trap  centers  due  to  annealing.  Recent 
infrared  experiments  [13]  have  shown  that  during  annealing,  the  Si-OH  bond  in  silicon  dioxide 
is  converted  into  H20  which  is  then  redistributed.  The  redistribution  may  be  responsible  for 
the  observed  charge  profile.  The  exact  process  is  now  being  studied.  As  the  oxide  is  being 
annealed,  it  is  possible  that  defect  centers  and  impurities  are  localized  near  the  two  interfaces. 
They  may  act  at  trap  centers  directly  or  they  may  enhance  diffusion  of  siliron  at  the  silicon- 
silicon  dioxide  interface  and  diffusion  of  aluminum  when  the  metal  is  being  deposited  at  the 
aluminum-silicon  dioxide  interface.  Both  may  give  rise  to  trap  centers.  Another  possibility  is 
a  nitrogen  reaction  at  the  interface  [14]  which  may  provide  new  trapping  sites.  In  fact,  a 
higher  initial  interface  state  density  and  fixed  charge  are  measured  for  the  17  hour  oxide  [15]. 
This  may  explain  the  charge  build-up  in  the  silicon  -  silicon  dioxide  interface.  Experiments 
are  now  being  planned  for  annealing  in  argon  instead  of  nitrogen  to  answer  this  question. 

In  conclusion,  we  have  shown  the  effect  of  high  temperature  annealing  in  reducing 
flatoand  voltage  shift  and  interface  state  generation  after  avalanche  injection.  The  effect  is 
dramatic  if  special  precautions  are  used.  The  annealing  reduces  and  also  changes  the  distribu¬ 
tion  of  traps  in  the  bulk  of  the  oxide.  Understanding  of  the  process  is  important  in  the 
optimization  of  processing  for  reducing  trapping.  Further  experiments  are  now  in  progress  for 
more  detailed  studies  of  this  and  other  related  effects 
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Fig-  J  Flatband  voltage  shift  as  a  function  of  injected  charge  for  500  A  oxides  that 

are  annealed  in  nitrogen  for  0  hour,  1  hour  and  17  hours,  respectively. 
Injection  was  carried  out  at  100° C. 
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Fig.  II  High  frequency  and  quasistatic  capacitance  before  and  after  injection  of 

10IK/cm2  electrons  for  an  oxide  that  has  not  been  annealed  in  nitrogen. 
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Fig.  IV  High  frequency  and  quasistatic  capacitance  before  and  after  injection  of 

101K/cm2  electrons  for  an  oxide  that  was  annealed  in  nitrogen  for  17  hours. 
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Fig.  V  Interface  state  densities  after  injection  of  lO'Vcm2  electrons  for  500  A 

oxides  that  are  annealed  in  nitrogen  for  0  hour,  1  hour  and  17  hours,  respec¬ 
tively.  Any  lateral  nonuniformity  effect  has  been  ignored  in  the  analysis  and  if 
the  effect  is  large,  these  represent  apparent  interface  state  densities.  i 
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Photo  I-V  curves  for  before  and  after  injection  of  10,8/cm2  electrons  for  an 
oxide  that  has  not  been  annealed  in  nitrogen. 
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Photo  I-V  curves  for  before  and  after  injection  of  10,8/cm2  electrons  for  an 
oxide  that  was  annealed  in  nitrogen  for  l  hour. 
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Abstract 

Low  energy  (25  kV)  electron  beam  irradiation  of  MOS  capacitors  is  shown  to  produce 
neutral  hole  traps  in  thin  'radiation  hardened*  Si02  films.  These  traps  are  found  in  an 
uncharged  state  after  irradiation  and  are  populated  by  passing  a  small  hole  current,  generated 
by  avalanche  breakdown  of  the  n-type  silicon  substrate,  through  the  oxide.  From  the  time 
dependence  of  the  observed  trapping,  a  capture  cross-section  between  I  x  10'13  and 
1  x  10' 14  cm2  is  deduced.  The  trap  density  is  found  to  depend  on  the  annealing  conditions 
and  incident  electron  beam  dosage.  The  density  of  traps  increases  with  incident  electron  beam 
exposure.  Once  introduced  into  the  oxide  by  the  radiation  the  traps  can  be  removed  by 
thermal  anneals  at  temperatures  above  500°C.  Parallels  between  electron  and  hole  trapping 
on  these  neutral  centers  are  strong  evidence  for  an  amphoteric  uncharged  trap  generated  by 
ionizing  radiation. 
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Introduction 


Electron  and  hole  trapping  in  thin  Si02  films  has  been  the  subject  of  a  number  of  recent 
publications1-9.  Trapping  by  holes  and  electrons  at  centers  associated  with  ion  implantation 
into  Si02  films  has  been  treated  extensively1'4.  Electron  trapping  at  positive  and  neutral 
centers  associated  with  ionizing  radiation  damage  has  also  been  discussed  in  connection  with 
processes  such  as  electron  beam  lithography5,6,  e-gun  metal  evaporation7,  or  reactive  ion 
etching8.  Trapping  of  holes  avalanche  injected  into  as-grown  Si02  films  has  also  been 
treated9.  This  paper  discusses  hole  trapping  in  Si02  at  neutral  centers  created  by  ionizing 
radiation.  It  specifically  addresses  the  effect  of  electron-beams  in  the  25  to  50  kV  range  on 
hole  trapping  in  aluminum  gate  MOS  capacitors.  Empirical  evidence  that  processing  steps 
which  expose  gate  oxides  to  ionizing  radiation  degrade  the  radiation  hardness  of  those  devices 
is  well-known10.  However  the  exact  mechanisms  of  this  phenomena  have  not  been  carefully 
studied.  Previous  studies  use  the  radiation  itself  to  generate  holes  to  fill  traps  in  the  oxide  and 
can  generate  additional  traps  in  the  process.  This  study  uses  radiation  to  create  traps  and 
subsequently  fills  them  with  holes  electronically  injected  from  the  silicon  substrate.  This 
approach  cleanly  separates  the  trap  generation  and  trap  filling  aspects  of  the  problem.  The 
existence  of  a  neutral  hole  trapping  center  which  is  generated  by  ionizing  radiation  is  verified. 
Its  cross-section  for  hole  capture,  its  dependence  on  electron  beam  dosage  and  its  annealing 
temperature  are  reported.  Experiments  which  locate  the  traps  in  the  bulk  of  the  film  are  also 
reported.  The  strong  analogue  which  exists  between  neutral  hole  traps  and  neutral  eleciron 
traps  in  irradiated  oxides  is  discussed. 

Experiment  Description 

Since  this  set  of  experiments  was  motivated  by  previous  work  in  our  laboratory  involving 
neutral  electron  traps  produced  by  ionizing  radiation  in  thin  Si02  films,  the  basic  experimental 
procedures  used  in  those  experiments  are  repeated  here6.  The  only  significant  difference 
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between  the  two  sets  of  experiments  is  the  use  of  n-type  substrates  to  allow  the  injection  of 
holes  into  the  oxide  instead  of  the  p-type  substrates  used  for  electron  injection. 

The  samples  used  in  this  experiment  were  MOS  capacitors  grown  in  dry  02  at  1000°C  on 
0.1  0-cra  n-type  (100)  silicon  substrates.  These  oxide  films  were  grown  with  a  minimum 
number  of  hole  traps  by  pulling  the  films  directly  from  the  oxide  growth  furnace  without 
further  annealing  at  this  temperature.  As  shown  in  previous  publications  this  procedure 
minimizes  the  trapping  of  avalanche  injected  holes  in  these  oxides10  and  hardens  them  to  the 
effects  of  ionizing  radiation911.  Two  sets  of  samples  with  oxide  thicknesses  of  35  and  80  nm 
were  grown.  Aluminum  contacts  about  5  x  10~J  cm2  in  area  were  deposited  in  an  r.f. 
evaporation  system  soon  after  oxide  growth.  This  aluminum  was  0.5  pm  thick  or.  most 
samples;  on  those  used  for  photo-injection  studies  semitransparent  metal  about  10  nm  thick 
was  used.  After  aluminum  deposition,  the  capacitors  were  annealed  in  forming  gas  for  20 
minutes  at  400°C  to  reduce  surface  states. 

The  MOS  capacitors  were  exposed  to  various  dosages  of  25  or  50  kV  electrons.  These 
two  energies  were  those  available  in  the  vector  scan  lithography  system  (25  kV)  or  the  JEOL 
electron  microscope  (50kV).  At  these  energies,  the  electrons  penetrate  the  aluminum 
overlying  the  Si02  film  and  uniformly  ionize  the  underlying  oxide12.  However,  they  are  not 
energetic  enough  to  cause  lattice  displacement  damage.  Electron  beam  dosages  between  1 
p C/cm2  and  1000  pC/cm2  were  used.  After  being  irradiated,  the  capacitors  were  annealed 
to  remove  the  radiation-induced  positive  charge  in  the  films  However,  some  samples  from 
the  same  wafer  were  irradiated  but  not  annealed  and  conversely  some  annealed  but  not 
irradiated  to  provide  controls.  A  small  current  of  hot  holes,  generated  by  avalanche  break¬ 
down  of  the  substrate,  was  passed  through  the  oxide  to  fill  the  empty  hole  traps9.  The  change 
in  flat-band  voltage  which  occurs  as  a  fraction  of  these  holes  are  trapped  in  the  oxide  is 
automatically  monitored  as  a  function  of  injection  time 
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The  avalanche  injection  system  used  in  this  experiment  and  its  principles  of  operation 
have  been  described  previously9.  It  is  capable  of  generating  a  hot  electron  current  in  capaci¬ 
tors  formed  on  p-type  substrates  and  a  hot  hole  current  in  those  formed  on  n-type  substrates. 
A  special  feedback  circuit  maintains  the  current  at  a  chosen  level  by  automatically  adjusting 
the  peak  amplitude  of  a  50  kHz  sawtooth  voltage  applied  to  the  gate  or  substrate  of  the 
sample.  This  sawtooth  waveform  has  been  shown  to  be  an  important  factor  in  the  injection 
efficiency  of  the  circuit14. 

Results 

In  the  first  experiment  capacitors  on  the  same  wafer  were  exposed  to  various  dosages  of 
25kV  electrons  and  then  annealed  at  400 °C  for  20  minutes  in  forming  gas.  This  anneal 
reduced  the  positive  charge  and  surface  state  densities  in  all  the  capacitors  to  their  pre¬ 
irradiation  values.  After  annealing,  their  flat-band  voltages  were  within  100  mV  of  each  other 
and  showed  no  dependence  on  dosage.  Holes  were  then  injected  into  the  oxide  at  a  constant 
current  density  of  8  x  10_9A/cm2.  These  traps  are  initially  in  a  neutral  state  and  are 
'decorated'  by  injected  holes  which  become  trapped  on  them.  The  resultant  change  in 
flat-band  voltage  was  recorded  as  a  function  of  injection  time  and  converted  into  an  effective 
density  of  trapped  charge  by  assuming  that  the  charge  is  located  only  at  the  Si/Si02  interface. 
Since  the  current  is  maintained  at  a  constant  value  by  the  feedback  circuit,  the  elapsed 
injection  time  is  directly  proportional  to  the  number  of  injected  holes. 

The  results  of  this  experiment  are  given  in  Fig.  1  where  the  change  in  flat-band  voltage  is 
plotted  against  elapsed  injection  time.  The  The  effective  density  of  holes  trapped  per  unit 
area  and  the  number  of  holes  injected  per  unit  area  appear  on  the  right  hand  and  upper  axes 
respectively.  The  electron  beam  dosage  to  which  the  capacitor  was  exposed  is  given  adjacent 
to  each  of  the  curves.  A  control  capacitor  not  exposed  to  the  electron  beam  but  subjected  to 
the  same  anneal  treatment  is  included  in  this  figure  for  comparison.  The  additional  400°C 
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anneal  received  by  the  control  sample  in  this  experiment  did  not  significantly  change  the  hole 
trap  density  in  the  oxides  from  that  present  after  the  first  anneal. 

While  no  detailed  analysis  of  trap  cross-sections  is  presented  here,  the  traps  begin  to 
reach  saturation  after  1  x  1014  holes/cm2  have  been  injected  into  the  oxide.  The  effective 
trapping  cross-section  is  between  I  x  lO'13  cm-2  and  l  x  10-14  cm~2on  this  basis.  As 
discussed  by  DiMaria,  the  assignment  of  this  coulombic  type  capture  cross-section  to  a  neutral 
trap  is  in  doubt15.  These  numbers  more  than  likely  overestimate  of  actual  cross-section.  Such 
overestimates  arise  either  because  holes  which  are  trapped  at  the  injecting  interface  are  not 
included  in  the  current  measured  in  the  external  circuit  or  because  the  measured  current  is  not 
simply  related  to  the  microscopic  hole  current15. 

As  is  also  obvious  from  Fig.  1,  a  400  °C  anneal  does  not  remove  the  neutral  hole  traps 
from  the  oxide.  The  dependence  of  trap  density  on  annealing  temperature  is  shown  in  Table  1. 
This  table  compares  the  trap  density  measured  in  irradiated  capacitors  as  a  function  of  various 
annealing  conditions.  The  capacitors  were  exposed  to  a  total  flux  of  1000pC/cm2  25  kV 
electrons.  The  trap  densities  measured  after  5  x  1014  holes/cm2  had  been  injected  into  the 
oxide  are  shown  along  with  the  annealing  temperature.  The  anneal  was  20  minutes  long  and 
was  performed  in  a  forming  gas  ambient.  Also  included  in  the  table  are  results  for  an 
irradiated  capacitor  which  was  not  annealed  and  an  unirradiated  control  which  was.  Note  that 
the  500°C  anneal  does  not  reduce  the  trap  density  to  its  original  level.  Further  attempts  to 
anneal  these  capacitors  at  550°C  were  unsuccessful  because  of  oxide  shorts.  Radiation 
induced  neutral  electron  traps  also  required  temperatures  above  550°C  for  complete 
removal5-6. 

Note  that  the  increase  in  trapping  is  correlated  with  the  total  25  kV  electron  exposure 
received  by  the  sample.  As  in  the  case  of  neutral  electron  traps  in  irradiated  Si02,  the  trap 
density  increases  with  beam  dosage.  This  point  is  illustrated  in  Fig.  2  where  the  flat-band 
voltage  shift  associated  with  a  given  electron  beam  dosage  is  plotted  against  that  dosage.  The 
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hole  trap  density  was  derived  from  Fig.  1  by  reading  off  the  shift  occurring  after  1  x  1014 
holes/cm2  had  been  injected  into  the  oxide.  The  hole  trap  density  corresponding  to  this  shift 
is  also  given  on  the  right  hand  axis.  At  exposure  levels  below  5gC/cm2,  the  hole  trap  density 
is  indistinguishable  from  that  in  the  unirradiated  samples  as  indicated  by  the  dotted  line  This 
behavior  is  similar  to  that  reported  for  neutral  electron  traps.  The  shape  of  the  curve  describ¬ 
ing  the  dosage  dependence  of  neutral  hole  trap  generation  by  electron  beams  is  also  similar  to 
that  for  neutral  electron  traps  generated  under  similar  conditions16. 

The  effective  charge  density  shown  in  Fig.  1  is  derived  from  a  C-V  measurement  and  is 
proportional  to  the  first  moment  of  the  trapped  hole  distribution  measured  from  the  Si/Si02 
interface.  Photoemission  measurements  provide  information  on  the  first  moment  of  the  charge 
distribution  from  both  interfaces.  Separately  or  in  conjunction  with  the  C-V  measurements 
they  provide  information  on  the  location  of  charge  trapped  in  Si02  films.  Photoemission 
experiments  have  been  used  in  the  past  to  determine  the  centroid  of  trapped  charge  in  oxides 
exposed  to  ion3  4,  photon17,  or  electron  beams16.  Of  particular  interest  to  this  work  is  the 
recent  study  of  hole  trapping  in  ion  implanted  oxide  films  in  which  holes  were  shown  to  be 
trapped  in  the  bulk  of  the  oxide  film4.  In  the  above  paper  hole  traps  were  introduced  into  the 
oxide  by  ion  implantation  instead  of  with  the  electron  beams  used  here.  However  the 
photoemission  experiments  used  in  the  analysis  are  identical  in  procedure  and  interpretation 
regardless  of  the  source  of  the  hole  traps.  A  detailed  treatment  of  centroid  determination  in 
the  presence  of  holes  trapped  in  the  bulk  is  available  in  this  reference. 

Figute  3  displays  the  photoemission  curves  generated  using  the  aluminum  as  the  source  of 
photoelectrons  generated  by  4  eV  light.  As  discussed  in  reference  4,  this  choice  of  injecting 
electrode  and  photon  energy  minimizes  the  complications  of  interpretation  associated  with 
double  injection  phenomena.  Such  phenomena  are  caused  by  the  large  fields  at  the  interfaces 
associated  with  the  presence  of  charge  in  the  oxide.  This  particular  sample  was  irradiated  with 
50  kV  electrons  and  after  irradiation  was  annealed  at  400°C  in  forming  gas  to  reduce  the 
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radiation  induced  positive  charge.  In  addition  this  anneal  removes  some  of  the  neutral  hole 
trapping  centers  in  the  film.  Photoemission  current  measurements  were  taken  prior  to  hole 
injection,  after  hole  injection  and  after  electrons  were  injected  into  the  oxide  to  partially 
annihilate  the  trapped  hole  distribution.  Note  the  distortion  of  the  characteristic  in  the  low 
field  region  after  hole  injection.  This  distortion  is  due  principally  to  the  recombination  of 
injected  photoelectrons  with  the  trapped  holes  in  the  oxide  during  the  measurement.  The 
recombination  results  in  a  displacement  current  which  subtracts  from  the  photocurrent.  It  is 
important  to  note  that  the  displacement  current  is  due  to  the  annihilation  of  holes  which  are  to 
a  large  extent  removed  from  the  Si/Si02  interface.  Annihilation  of  holes  at  this  interface  would 
not  result  in  any  displacement  current4. 

The  other  important  feature  in  this  curve  is  the  voltage  necessary  to  suppress  injection 
from  the  of  photoelectrons  from  the  A1  contact.  This  is  called  the  cross-over  voltage  and  is 
related  to  the  voltage  necessary  to  establish  the  flat-band  condition  at  the  Al/Si02  interface. 
When  the  applied  voltage  is  sufficient  to  compensate  the  internal  field  at  the  aluminum 
interface,  injection  from  this  interface  stops  and  the  current  goes  to  zero.  As  discussed  in 
reference  4,  the  cross-over  voltage  observed  in  this  figure  is  indicative  of  a  large  positive 
charge  distribution  in  the  bulk  of  the  film. 

On  continued  injection  of  photoelectrons  the  photo-emission  characteristic  relaxes  back  to 
its  initial  state  as  the  holes  trapped  in  the  oxide  are  annihilated  by  the  injected  photoelectrons. 
By  biasing  the  capacitor  at  the  silicon  flat-band  condition  this  recombination  takes  place 
selectively  at  the  silicon  interface4.  This  effect  was  exploited  to  selectively  remove  charge  at 
the  silicon  interface  leaving  principally  bulk  trapped  positive  charge.  In  this  case  the  shift  in 
the  aluminum  photoemission  characteristic  was  identical  to  that  measured  from  the  C-V 
curves.  This  combination  of  shifts  is  also  consistent  with  charge  trapped  in  the  middle  of  the 
film4. 
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To  show  that  neutral  electron  traps  also  co-exist  in  these  films,  electrons  were  photoin- 
jected  into  them  prior  to  any  hole  injection,  in  this  case  also  the  photoemission  data  indicated 
neutral  electron  traps  whose  centroid  is  in  the  middle  of  the  film. 

Conclusions 

The  neutral  hole  traps  introduced  into  the  Si02  layers  have  many  of  the  same  signatures 
as  neutral  electron  traps  generated  by  electron  beam  irradiation.  They  have  the  same  type  of 
dosage  dependence,  anneal  at  the  same  temperatures  and  have  a  centroid  in  the  middle  of  the 
oxide.  As  mentioned  above  both  neutral  electron  and  hole  traps  exist  simultaneously  in  the 
same  oxide  after  irradiation.  When  integrated  over  a  large  range  of  capture  cross-sections,  the 
total  number  of  hole  and  electron  traps  are  also  comparable.  While  it  is  difficult  to  prove 
directly,  these  facts  suggest  that  the  same  trapping  centers  are  responsible  for  the  capture  of 
holes  and  electrons  in  these  samples.  The  dipolar  trapping  center  discussed  earlier  in  connec¬ 
tion  with  radiation  -  induced  neutral  traps  is  also  applicable  to  hole  traps  as  well6.  Such 
dipoles  may  consist  of  positively  and  negatively  charge  regions  which  arise  from  bonds  broken 
during  the  bombardment  with  energetic  electrons.  These  centers  would  not  effect  the  field  at 
the  Si02/Si  interface  since  the  field  associated  with  it  goes  to  zero  in  a  short  distance  away 
from  the  center.  However  carriers  which  come  close  enough  to  the  center  may  be  permanent¬ 
ly  captured.  The  positively  charged  regions  act  as  efficient  electron  traps  while  the  negatively 
charged  regions  act  to  trap  holes.  The  capture  cross-sections  for  these  traps  would  depend  on 
the  exact  spatial  distribution  of  the  electrons  associated  with  the  broken  bond. 

From  a  practical  point  of  view  these  results  show  that  ionizing  radiation  increases  the 
density  of  hole  traps  in  radiation-hardened  Si02  However  a  large  fraction  of  these  traps  are 
located  in  the  bulk  of  the  oxide  and  not  at  the  interfaces.  The  results  suggest  that  the 
mechanism  by  which  hardness  is  degraded  is  the  creation  of  additional  hole  traps  in  the  oxide. 
It  is  not  clear  at  this  point  whether  it  is  the  interfacial  or  bulk  traps  that  are  responsible  for 
the  degradation.  The  bulk  centers  apparently  do  not  charge  during  exposure  to  ionizing 
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radiation.  Irradiation  produces  equal  numbers  of  electrons  and  holes  in  the  oxide  while 
avalanche  injection  is  a  single  carrier  process.  Once  a  center  is  formed  by  interaction  with 
radiation  it  can  trap  either  a  hole  or  an  electron.  This  charged  center  is  prone  to  be  neutral¬ 
ized  by  the  carrier  of  opposite  sign.  In  experiments  where  a  single  carrier  is  injected,  the 
possibility  of  recombination  is  automatically  greatly  reduced  and  allows  charge  to  accumulate 
in  the  bulk. 
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TABLE  I 


EFFECT  OF  ANNEAL  TEMPERATURE  ON  TRAP  DENSITIES  IN 
IRRADIATED<a>  CAPACITORS 


ANNEAL<b> 

TEMPERATURE 

(°C) 

NO  ANNEAL 

400 

450 

500 

No  E-beam 
400 


EFFECTIVE  DENSITY 
OF  FILLED  TRAPS<C> 
(cm-2) 

3.2  x  10'2 

2.6  x  1012 

2.2  x  I012 

1.6  x  1012 

0.3  x  1012 


a)  1000nC/cm2;  25  keV  electrons 

b)  20  min  in  forming  gas 

c)  After  injection  of  5x  1014  holes/cmu2 
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Fig.  I.  Flat-band  voltage  shift  (effective  trap  density)  observed  as  a  function  of  injection 
time  (number  of  injected  holes/cm2)  for  MOS  capacitors  subjected  to  various 
dosages  of  ionizing  radiation.  These  samples  were  annealed  at  400°C  after  irradia¬ 
tion. 
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FLAT-BANO  VOLTAGE  SHIFT  (V) 


LOG|0  E-BEAM  DOSAGE  (fiC/cm2) 

Fig.  2.  The  flat-band  voltage  shift  (effective  trap  density)  observed  after  1  x  10u 
holes/cm2  have  been  injected  through  the  capacitors.  The  flat  dotted  line  indicates 
the  level  of  traps  observed  in  the  as-grown  oxide. 
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EFFECTIVE  TRAP  DENSITY  (cm-2) 


PHOTOCURRENT  (pA) 


Fig.  3.  Photoemission  current  versus  gate  voltage  for  sample  measured  before  and  after 
holes  were  injected  into  the  oxide  and  after  these  holes  have  be  -n  annihilated  by 
photo-injected  electrons.  The  oxide  was  80.0  gm  thick.  Samples  was  annealed 
after  exposure  to  50  KV  electrons. 
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THE  EFFECTS  OF  WATER  ON  OXIDE  AND  INTERFACE 


TRAPPED  CHARGE  GENERATION  IN  THERMAL  Si02  FILMS 

F.  J  .  F  e  i  g  1 ,  *  D.  R.  Young,  D.  J.  Di Maria,  S.  Lai  and  J.  Calise 
IBM  Thomas  J.  Watson  Research  Center,  Yorktown  Heights,  New  York  10598 


ABSTRACT 

Uater  was  diffused  into  very  dry  thermal  SiO^  films  under  conditions 
such  that  the  penetration  of  water  related  electron  trapping  centers  was 
of  the  order  of  the  oxide  thickness.  In  both  dry  oxides  and  water  diffused 
oxides,  production  of  negative  bulk  oxide  charge  and  positive  interface 
charge  by  an  avalanche- inj ected  electron  flux  was  observed.  The 
efficiencies  of  both  processes  were  enhanced  by  water  indiffusion.  Analysis 
of  the  kinetics  of  charge  generation  indicated  that  production  of  trapped 
electron  centers  (Q  )  was  required  for  subsequent  production  of  interface 
states  and  charge  (Q^).  Models  for  both  processes  are  discussed.  We 
suggest  that  inelastic  collisions  of  conduction  electrons  with  the  trapped 
electron  centers  releases  mobile  hydrogen  atoms  or  excitons.  The  mobile 
species  migrate  to  the  Si-Si02  interface  and  form  states  and  fixed  charge. 


*Permanent  address:  Sherman  Fairchild  Laboratory  for  Solid  State  Studies, 

Lehigh  University,  Bethlehem,  PA  18015. 


I.  INTRODUCTION 


Recent  major  developments  within  the  silicon  planar  technology  have 
renewed  interest  in  an  old  problem  —  charge  carrier  capture  and  localization 
at  impurity,  dopant,  or  defect  centers  in  thin  oxide  films.  This  phenomenon 
was  first  reported  by  Williams  in  1965  (1).  The  charge  buildup  associated  with 
such  electron  and  hole  trapping  improves  dielectric  breakdown  characteristics 
of  insulating  films,  adversely  affects  the  long  term  stability  of  short  channel 
devices  in  VLSI  technology  and  of  floating  gate  switching  in  electrically 
alterable  memory  devices,  and  generally  complicates  electron,  x-ray,  and 
particle  beam  technology.  Recent  reviews  on  electron  and  hole  trapping  in 
oxide  layers  have  been  published  by  DiMaria  (2),  Young  (3),  and  Aitken  (4). 

Negative  oxide  charge  buildup  produced  by  trapping  of  electrons  injected 

into  oxide  films  was  studied  under  carefully  controlled  conditions  by  Nieollian 

and  coworkers  (5).  These  investigators  prepared  dry  thermal  SiO^  films 

which  contained  a  low  density  of  coulomb-attractive  or  electrically  neutral 

trapping  centers.  Diffusion  of  water  into  these  films  at  low  temperatures 

greatly  enhanced  electron  trapping.  The  dominant  trapping  center  had  a  capture 

-17  2 

cross  section  of  approximately  1.5x10  cm  .  The  total  density  of  these 
trapping  centers  was  asserted  to  be  proportional  to  the  water  content  of  the 
films.  This  association  was  indirect,  and  applied  only  in  the  limit  in  which 
the  oxide  film  thickness  greatly  exceeded  the  water  diffusion  depth. 

Nieollian  and  coworkers  (5-7)  also  studied  the  formation  of  interface 
states  by  passage  of  an  injected  electron  current.  This  process  is  also  en¬ 
hanced  by  the  presence  of  water  in  the  oxide  film.  Specifically,  Nieollian 
and  coworkers  indicated  that  the  interface  states  are  not  produced  in  dry 
grown  oxides  subjected  to  post  oxidation  water  diffusion  unless  the  diffusing 
species  reaches  the  Si-SiC^  interface. 


The  early  Bell  Laboratory  studies  just  described  were  complemented  by 

numerous  subsequent  investigation  of  electron  trapping  in  very  dry  oxide  films, 

nominally  dry  oxide  films  prepared  by  current  industrial  techniques  (and 

possibly  subject  to  unintentional  water  contamination  at  high  and/or  low 

temperatures),  and  wet  thermal  oxide  films  (produced  by  oxidation  of  silicon 

in  water  containing  ambients).  This  work  has  been  reviewed  in  detail  (2-4). 

Dry  oxide  films  have  been  shown  to  exhibit  significant  electron  trapping. 

However,  trapping  in  dry  oxide  films  is  much  less  efficient  than  trapping  in 

oxide  films  containing  water.  All  water-containing  films  have  a  dominant  ttap 

(or  traps)  with  cross  section(s)  in  the  range  10  ^-10  ^cra^.  Dry  oxide  films 
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have  dominant  traps  with  effective  cross  sections  of  order  10  cm  or  less. 

Gdula  (8)  reported  a  buildup  of  positive  charge  in  water-containing  oxide 

films  subjected  to  electron  avalanche  injection  for  extended  times.  In  his 

studies,  and  in  subsequent  work  by  other  investigators  (9,10),  this  anomalous 

positive  charge  buildup  appeared  to  occur  beyond  a  transported  electron  fluence 
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threshold  of  approximately  0.01  C-cra  .  Young  and  coworkers  demonstrated  that 
this  positive  charge  was  located  at  the  Si-SiOj  interface,  and  that,  once 
generated,  it  could  be  significantly  altered  by  variations  of  electric  field 
and/or  temperature  without  current  injection  (10).  These  results  indicated 
that  the  anomalous  positive  charge  was  in  fact  produced  by  ionization  of  donor¬ 
like  interface  states  in  electrical  and  thermal  communication  with  the  silicon 
surface,  and  was  not  "fixed"  in  the  oxide  layer.  This  model  was  subsequently 
verified  in  detail  by  Miura  and  coworkers  (11).  It  thus  appears  likely  that 
the  anomalous  positive  charge  effect  is  at  least  partly  related  to  the  inter¬ 
face  state  generation  reported  by  Nicollian  and  coworkers  (5-7). 

The  purpose  of  the  present  study  was  to  examine  in  more  detail  the  low 
temperature  diffusion  of  water  into  dry  thermal  oxide  films.  We  have 


concentrated  on  the  regime  in  which  the  anomalous  positive  charge  effect 
occurs.  We  have  prepared  dry  oxide  films  at  1000°C,  using  the  oxidation 
procedures  developed  by  E.  A.  Irene  (12),  and  have  diffused  water  into  these 
films  at  low  temperatures  (100-300°C),  using  procedures  described  by  Nicollian 
and  coworkers  (5).  Both  dry  control  oxides  and  water  diffused  oxides  were 
incorporated  into  p-substrate  metal-oxide-semiconductor  (MOS)  capacitor  struc¬ 
tures.  These  devices  were  subjected  to  avalanche  electron  current  injection, 
and  the  net  oxide  and  interface  charge  induced  during  passage  of  the  electron 
currents  across  the  oxide  was  measured  under  a  variety  of  experimental  con¬ 
ditions.  Recent  instrumentation  and  data  analysis  developments  were  used  to 
separate  the  negative  charge  buildup  caused  by  electron  trapping  in  the  bulk 
of  the  oxide  films  from  the  positive  charge  buildup  in  the  Si-SiO^  interface 
region. 

Both  negative  oxide  charge  buildup  and  positive  interface  charge  buildup 
were  observed  in  dry  oxide  films  and  in  water-diffused  oxide  films.  The  effi¬ 
ciencies  of  both  processes,  relative  to  the  injected  electron  current  flux, 
were  one  order  of  magnitude  lower  in  the  dry  oxide  films  than  they  were  in  the 
water-diffused  oxides.  In  both  types  of  films,  detailed  kinetic  studies  indi¬ 
cate  that  formation  of  trapped-electron  centers  (and  buildup  of  negative  oxide 
charge)  must  occur  before  formation  of  positive  charge  at  the  Si-SiC^ 
interface  can  occur.  In  addition,  the  formation  of  donor-like  interface  states 
and  fixed  oxide  charge  responsible  for  measured  positive  interface  charge 
requires  a  second  kinetic  step  initiated  by  the  injected  electron  flux, 
other  than  the  original  electron  capture. 
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II. 


EXPERIMENTAL  PROCEDURES 


A.  Sample  Preparation 

The  general  details  of  sample  preparation  have  been  described  by  Young 
et  d.  (9).  Polished,  (100),  p-type  silicon  wafers  with  a  nominal  resistivity 
of  0.2  fi-cm  were  oxidized  in  a  three-zone  resistance  furnace  (12).  Oxidations 
were  carried  out  at  1000°C,  using  oxygen  supplied  from  a  liquid  source.  Hydro¬ 
carbons  were  removed  from  the  oxygen  gas,  and  the  H^O  content  of  the  dried 
O2  gas  leaving  the  oxidation  furnace  was  <1  ppm  (12). 

Oxidized  samples  were  left  in  the  furnace  and  maintained  at  1000°C  for  at 
least  twenty  minutes  after  the  0^  was  turned  off.  Dried  N2  gas  was  flowing 
during  this  post-oxidation  annealing  step. 

In  the  later  stages  of  this  study,  sample  oxidations  were  preceded  by  a 
flush  of  the  oxidation  furnace  for  several  hours  in  dried  N2  gas.  In  addition, 
some  samples  were  cooled  to  handling  temperature  under  a  continuous  dry  N2 
flush  after  the  post  oxidation  annealing  treatment  described  above.  These 
steps  were  taken  to  reduce  the  trapping  rate  attributable  to  H2O  impurities 
in  the  oxide  film. 

The  SiOj  film  thicknesses  used  for  this  study  were  in  the  range  384-2440  A. 
Thicknesses  were  measured  by  ellipsometry . 

After  the  oxidation  step,  most  of  the  oxidized  wafers  were  divided. 
Individual  research  samples  (half  or  quarter  wafers)  were  placed  inside  a 
diffusion  furnace  in  a  clean,  dry,  flowing  nitrogen  ambient.  Once  the  tem¬ 
perature  of  the  furnace  stabilized  at  the  desired  diffusion  temperature,  the 
clean  ^  gas  was  switched  to  an  alternate  line  that  included  a  controlled- 
temperature  deionized  water  bubbler  in  series  with  the  diffusion  furnace 
tube.  The  Nj  flow  rate  was  reduced  to  maximize  the  H2O  content  of  the  bubbler 
effluent;  only  a  slight  overpressure  was  maintained  within  the  gas  line  and 
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furnace  tube  to  exclude  ambient  air.  All  connecting  lines  between  the  bubbler 
and  the  heated  zone  of  the  furnace  tube  were  maintained  above  100°C  to  pre¬ 
vent  water  condensation.  The  water  diffusion  system  was  intended  to  be 
identical  to  that  described  by  Nicollian  and  coworkers  (5).  Further  details  are 
available  in  reference  5. 

The  low  temperature  water  diffusion  step  was  usually  10  minutes  in  dura¬ 
tion.  Diffusion  was  initiated  by  switching  the  gas  flow  from  dry  to  wet 
and  was  terminated  by  the  reverse  procedure.  Water  diffusion  was  done  at 
diffusion  (sample)  temperatures  in  the  range  135-300°C,  and  at  bubbler  tern-, 
peratures  in  the  range  30-60°C.  For  the  bubbler  temperatures  quoted,  nominal 
(saturated)  water  vapor  pressures  are  approximately  50-150  mm  Hg.  After  a 
diffusion  step,  samples  were  removed  from  the  furnace  hot  zone  and  cooled  to 
handling  temperature  in  a  flowing  dry  N2  ambient. 

Immediately  after  diffusion,  100-200  A  thick  A1  electrodes,  typically 
0.032  in.  diameter,  were  evaporated  onto  the  SiO^-Si  structure 

from  a  borosilicate  crucible  which  was  heated  by  rf  induction.  The  oxide 
on  the  back  side  of  the  silicon  was  etched  off  and  a  gallium  indium  paste 
was  used  for  back  side  electrical  contact. 

Except  as  specifically  noted,  no  postraetallization  annealing  was  per¬ 
formed  on  samples  used  in  this  study.  The  effect  of  water  indiffusion  on 
charge  trapping  and  donor  state  generation  was  the  object  of  this  study. 

Young  and  coworkers  (9)  have  shown  that  postmetallization  annealing  reduces 
the  trapping  phenomenon,  and  in  fact  eliminates  certain  traps  suspected  of 
being  water-related. 

The  overall  cleanliness  of  the  entire  sample  preparation  process  was 
assessed  by  performing  C-V  measurements  and  bias-temperature-stress  measure¬ 
ments  on  control  MOS  devices,  as  previously  described  (9).  For  each  diffusion 
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sequence,  a  control  sample  was  metallized  immediately  after  the  oxidation  step. 
In  addition,  for  selected  diffusion  sequences,  at  least  one  partial  wafer 
was  maintained  as  a  control.  The  control  sample  for  each  selected  diffusion 
step  was  stored  in  a  dry,  clean,  flowing  ambient  until  the  diffusion  step 
was  completed.  The  control  and  the  1^0  diffused  sample  were  then  simultantously 
metallized,  as  described  above. 

B.  Measurement  Procedure 

Electron  trapping  and  electron  transport  induced  positive  charge  build¬ 
up  in  both  control  oxide  and  diffused  oxide  MOS  capacitors  were  examined  using 
the  constant  current  rf  avalanche  method  developed  by  Young  (9).  This 
technique  is  a  refinement  of  the  avalanche  injection  technique  developed  by 
Nicollian,  Goetzberger,  and  Berglund  (13,5).  Pulsed  electron  flow  is  induced 
through  the  SiC^  film  by  rf  avalanche  in  the  p-silicon  surface  depletion 
layer,  and  the  rf  voltage  level  is  continuously  adjusted  to  maintain  a 
constant  average  dc  current  1^  throughout  a  given  run.  The  high  frequency 

C-V  flat  band  voltage  V  is  automatically  monitored  and  recorded  at  preset 

r  zJ 

intervals  throughout  the  run.  Details  of  the  instrumentation  are  described 
by  Young  and  coworkers  (9). 

The  basic  experimental  data  in  this  program  is  AV„_,  as  a  function  of  cumu- 

r  o 

lative  avalanche  injection  time  t^.  The  flat  band  voltage  shift  AVpB  is  given 

by  AVpB(t A)  =  ~  VFB^tA=°^  ’  where  VFB^  is  the  flat  band  voltaSe  of 

the  sample  as  prepared,  before  any  avalanche  injection.  These  data  are  most 

often  presented  as  plots  of  AV^g  vs  F^,  where  =  I^tA/A  is  the  integrated 

-2 

current  density,  with  units  C-cm  ,  over  a  given  run.  Such  data  are  shown  in 
Figure  1  for  a  dry  (control)  oxide  device  and  for  an  1^0  diffused  oxide  device. 
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In  many  cases,  such  runs  were  made  both  with  the  device  maintained  at 
room  temperature,  as  in  Figure  1,  and  with  the  device  maintained  at  approxi¬ 
mately  100°C.  These  runs  were  made  on  separate  electrodes  on  a  given  sample. 
Examples  are  presented  in  Figures  2  and  3,  for  a  dry  control  and  a  diffused 
oxide  sample,  respectively. 

On  selected  samples,  we  have  augmented  the  flat  band  voltage  shift  mea¬ 
surements  with  measurements  of  other  MOS  capacitor  device  characteristic 
shifts.  The  rf  avalanche  voltage  has  been  recorded  throughout  an  avalanche 
injection  run,  and  the  shift  of  this  voltage,  AV^,  has  been  determined  as  a 
function  of  t^  or,  equivalently,  F^.  In  these  experiments,  the  avalanche 
injection  run  has  been  interrupted  at  selected  points  and  the  photo  I-V 
characteristic  of  the  MOS  device  has  been  measured.  The  internal  photoemission 
I-V  apparatus  and  procedures  of  DiMaria  have  been  used  for  these  experiments. 
Details  have  been  presented  by  DiMaria  (2,14). 

All  measurements  of  AV A  and  photo  IV  characteristics  were  executed  with 
the  sample  maintained  at  room  temperature.  Typical  data  obtained  in  these 
experiments  —  AVpg,  AVA*  an<*  as  3  ^unct^on  or  ^  —  are  il^ustrate<^ 

in  Figure  4  for  a  dry  control  oxide  sample  and  two  different  H^O  diffused 
oxide  samples.  V*  is  the  shift  of  the  measured  photoemission  I-V  character¬ 
istic  shift  under  positive  gate  bias  (2,14).  AV^,  the  photo  I-V  character¬ 
istic  shift  under  negative  gate  bias,  has  also  been  measured  for  each  sample. 
All  results  of  these  measurements  reported  below  satisfied  the  criterion  that 

the  avalanche  voltage  shift  AV  and  the  photo  I-V  voltage  shift  AV+  were 

A  p 

identical  within  the  overall  precision  of  the  separate  measurements.  The 
importance  of  this  will  be  discussed  below. 
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C .  Data  Analysis  Procedures 

Trapping  data  obtained  in  the  experiments  described  above  were  analyzed 

in  terms  of  a  multiple  trap  model,  with  first  order  trapping  kinetics.  A 

single  trapping  center  was  characterized  by  an  effective  capture  cross  section 

2  _2 

for  electrons,  o  . (cm  ),  and  an  areal  trap  density  N.(cm  ).  For  one  trapping 

Cl  2 

center,  the  negative  charge  buildup  associated  with  electron  capture  is 


is  the  integrated  charge  fluence  during  avalanche  induced  electron  transpprt 

across  the  SiC>2  film,  and  is  proportional  to  t  .  e  is  the  magnitude  of  the 

-19 

electronic  charge,  1.6  x  10  C.  The  total  negative  trapped  charge  in  a 
sample  at  time  t  is  a  sum  over  all  trapping  centers 

Q(tA)  "  i  Qi(tA)  ‘  (2) 

An  experimental  determination  of  Q(t  )  vs.  F  ,  or  of  related  quantities 

as  defined  below,  can  therefore  be  analyzed  by  mathematical  deconvolution  or 

simulation  of  the  experimental  curve  in  terms  of  a  sum  of  exponential  terms 

with  different  amplitudes  (eN . )  and  different  characteristic  rates  (o  /e). 

i  ci 

The  resulting  best-fit  parameters  have  a  simple  physical  interpretation  as  the 
density  and  capture  cross  section  of  trapping  centers,  located  either  in  the 
bulk  of  the  Si02  film  or  at  one  of  the  solid-solid  interfaces  of  the  MOS 
structure.  Young  and  coworkers  have  discussed  the  fitting  procedure,  and  their 
paper  should  be  consulted  for  details  (9). 

The  overall  data  measurement  and  analysis  procedures  employed  in  this 
study  can  reliably  discriminate  between  trapping  centers  which  differ  by  less 
than  a  factor  of  100  in  trap  density  and  more  than  a  factor  of  U  in  cross 
section  oc^t  if  the  appropriate  range  of  charge  fluence  FA  is  examined.  The 
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correlation  between  trapping  cross  section  and  the  charge  fluence  is  obvious 


from  Equation  1,  and  is  summarized  in  Table  1.  This  table  is  useful  for 
qualitative  analysis  of  experimental  data  whenever  manifest  breaks  occur  in 
the  Q  vs.  F^  or  £V  Vs.  curves. 

The  data  of  Figure  5,  for  example,  indicate  that  the  diffused  oxide 

and  both  of  the  dry  oxides  all  contain  similar  amounts  of  very  small  cross 
-20  -19  2 

section  traps  (10  -10  cm  ).  Both  of  the  dry  oxides,  however,  have  a 

2-3  volt  flat  band  shift  associated  with  traps  having  cross  sections  in  the 
~  18  2 

range  10  cm  .  The  main  differences  among  the  several  experimental  curves 

occur  at  short  times  (small  fluences).  The  PMA  dry  oxide  exhibits  very 

-17  2 

little  trapping  with  oc  'vlO  cm  .  The  dry  oxide  sample  without  PMA  does 
-17  2 

contain  10  cm  cross  section  traps,  which  produce  a  voltage  shift  of 

approximately  1  volt.  The  1^0  diffused  oxide,  however,  exhibits  a  flat  band 

-2 

shift  of  3-4  volts  for  -v  0.03  C-cm  .  Obviously,  H^O  diffusion  strongly 

enhances  the  amount  of  negative  charge  buildup  due  to  traps  with  oc  <v  10  ^ 

2 

cm  ,  and  post  metallization  annealing  reduces  such  trapping.  These  quali¬ 
tative  conclusions  agree  with  the  results  of  Young  and  coworkers  (see  Figure 
2  of  reference  9). 

Refinement  of  these  conclusions  requires  detailed  quantitative  analysis 

of  the  experimental  data,  as  discussed  above,  using  Equations  (1)  and  (2). 

— 18  2 

Such  analysis,  for  example,  reveals  a  small  amount  of  traps  with  o v  10  cm 
in  the  HjO  diffused  oxide. 

A  major  complication  of  this  simple  picture  is  the  anomalous  positive 


charge  effect,  illustrated  in  Figures  2  and  3  for  both  a  dry  control  oxide 


and  a  water  diffused  oxide.  The  AV^g  data  obtained  at  22°C  shows  clearly 
the  flat  band  shift  reversal  associated  with  positive  charge  production 
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at  the  Si.-Si.O2  interface.  The  AVpg  data  obtained  at  100®C  does  not  show 
this  effect,  as  previously  reported  by  Young  and  coworkers  for  non-diffused 
oxides  (9). 

Unless  the  detailed  kinetics  of  the  anomalous  positive  charge  phenomenon 
can  be  established,  this  effect  will  interfere  with  the  quantitative  analysis 
of  trapping.  Comparison  of  aV_d  data  at  22 °C  and  100°C  in  Figures  2  and  3 

r  D 

clearly  indicates  that  and  0  ^  obtained  from  22°C  flat  band  shift  data 

-2  -2 

in  the  regions  F  <  0.03C-cm  and  F.  *  (0. 2-1 ,0)C-cm  would  be  highly 
A  A 

suspect,  unless  corrections  were  made  for  the  anomalous  positive  charge 
buildup. 

In  nominally  dry  oxides,  it  is  clear  that  the  anomalous  positive  charge 
is  located  in  the  immediate  vicinity  of  the  Si-SiC>2  interface  (9).  This 
fact  provides  a  basis  for  separation  of  the  negative  charge  buildup  due  to 
electron  trapping  from  the  positive  charge  anomaly  associated  with  the  build¬ 
up  of  interface  charge  and  states.  First,  as  illustrated  in  Figures  2  and 
3  and  as  discussed  by  Young,  et  al.  (9),  C-V  flat  band  shift  measurements 
under  positive  bias  at  elevated  temperatures  (''•100DC)  can  be  interpreted 
in  terms  of  bulk  trapping  only.  Second,  photo  I-V  shifts  AV^  are  not  sensitive 
to  interface  charges,  and  provide  an  independent  measure  of  the  bulk  charge 
due  to  electron  trapping.  This  has  been  discussed  by  Powell  and  Berglund 
(15),  and  by  DiMaria  (2,14).  Third,  and  finally,  variations  of  the  rf 
avalanche  voltage  shift  AV^  were  demonstrated  to  follow  variations  of  the 
photo  I-V  characteristic  shift  under  positive  bias,  AV+.  This  was  illustrated 
in  Figure  4,  and  is  further  demonstrated  by  the  results  in  Table  2.  AVA 
is  thus  also  useful  as  a  measure  of  bulk  charge  trapping.  was  used  by 
Nicollian  and  coworkers  (5,7)  for  this  purpose.  The  procedure  does  have  an 
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explicit  theoretical  basis  in  the  analysis  of  Nicollian  and  Berglund  (7). 

However,  the  procedure  has  been  questioned  by  other  investigators  (9).  In  the 

present  case,  use  of  &V  is  justified  by  the  comparison  with  AV+,  and  these 

A  p 

two  measurements  are  complementary  rather  than  independent. 

The  following  equations  summarize  the  interpretation  of  experimental 
measurements  described  above. 

4Ufi!<ri>  •  -  r~  +  «»>  <3) 

OX 

«fb(HT)  -  4V*  -  4»a  -  -  Qot  W  ■ 

ox 

RT  means  measurement  with  the  sample  maintained  at  room  temperature  (  22°C) ; 

HT  means  measurement  at  high  temperature  (^100°C).  C  ^  is  the  M OS  device 

oxide  capacitance  K  c  *A-d  \  where  K„.„  e  is  the  dielectric  permittivity 
Si02  o  ox  Si02  o 

of  amorphous  SiC^-  QQt  is  the  centroid  weighted  oxide  trapped  charge, 

given  by  d, 

,  ox 

Qot  =  dox  /Q1  xp(x)dx’  (5) 


_3 

where  p(x)  is  a  volume  density  of  trapped  charge  (C-cm  )  and  the  primes 
on  the  integral  limits  explicitly  indicate  exclusion  of  the  solid-solid 
interface  regions,  in  line  with  the  convention  proposed  by  Deal  (16). 

Q^t  is  the  net  interface  region  charge,  consisting  of  the  component  of 
oxide  trapped  charge  produced  by  the  avalanche  process  in  the  immediate 
vicinity  of  the  Si-SiC^  interface  plus  an  integral  over  interface  state 
charge  (ionized  donor  states)  appropriate  to  measurement  at  flat  band 

voltage.  We  have  not  attempted  to  separate  these  contributions.  This 
point  will  be  discussed  further  below. 
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The  comparison  of  room  temperature  flat  band  shifts  AV  (RT)  with 

FB 

other  measured  quantities  required  by  Equations  (7A)-(7B)  is  partly 
justified  by  the  observation  that  the  several  measurements  all  have  identical 
initial  slopes.  This  is  illustrated  in  Figures  2-5  and  in  Figure  6. 

Equations  (1)  and  (2)  indicate  that  the  initial  slope  of  the  trapping  curve 


(Q  vs.  F^)  is  the  sum  of  the  initial  electron  capture  efficiencies 
ni(0)  =  N^cjc£  of  the  individual  trapping  centers.  Thus 


<?£ 

dFA 


l  1.(0)  =  l  N 
i  i 


(8) 


The  similarity  of  initial  trapping  rates  in  AV.  and  AV„_(RT)  data  indicate 

A  to 

that  the  anomalous  positive  charge  buildup  rate  is  small  compared  to  the  net 
trapping  rate  initially.  The  similarity  of  initial  trapping  rates  in 
AVpg(RT)  and  AVj,g(HT)  data  indicates  that  temperature  variations  do  not 
have  a  large  effect  on  the  trapping  parameters. 

In  addition,  high  temperature  treatment  did  not  significantly  alter 
the  charge  trapping  behavior  of  the  samples  studied.  Figure  7  shows 
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AV__  vs  t.  data  obtained  on  a  dry  control  sample.  Extensive  voltage  cycling 

FB  A 

was  performed  on  this  sample  between  the  HT  measurement  and  the  second  RT 
measurement  (similar  to  that  illustrated  in  Figure  19  of  reference  9). 

The  differences  between  the  two  RT  measurements,  before  and  after  the  HT 
measurement,  are  within  the  dot-to-dot  variations  observed  on  dry  oxide 
samples . 

A  final  set  of  relations  used  for  data  analysis  are  simple  modifi¬ 
cations  of  those  developed  by  DiMaria  for  photo  I-V  characteristic  shift 
measurements  (2,14): 

d  ' 

1  ,  ox 

N  =  —  C  (AV  -AV  )  =  /  p(x)dx  =  -  Q  (9) 

e  ox  p  p'  JQ1  H  e 

where  Q  is  defined  in  Equation  (2),  and 
AV  ,  dox 

x  =  (1 - £-)  -d  =  —  /  xp(x)dx  .  (10) 

AV  °*  ^  O' 

P 

The  above  equations  are  for  negative  charge  trapping.  Note  that  QQt  =  -eNx. 
These  relations  are  also  discussed  in  the  review  article  by  Young  (3). 

We  note  explicitly  that  results  quoted  below  for  the  densities  and 
cross  sections  of  the  dominant  trapping  centers  in  dry  and  water-diffused 
oxides  are  a  summary  of  data  obtained  by  the  several  methods  just  described. 
Within  the  overall  error  and  reproducibility  of  the  several  methods, 
AVr.„(RT),  AV_n(HT)  and  AV.  measurements  yielded  internally  consistent  result 

r  b  r  b  A 

Cross  sections  were  determined  using  a  variation  of  avalanche  current 
density  I  /A  in  excess  of  an  order  of  magnitude. 


III.  EXPERIMENTAL  RESULTS 


The  overall  phenomenon  to  be  examined  is  indicated  very  clearly  in 

Figure  8.  These  data,  from  a  water  diffused  oxide  approximately  500  A 

thick,  indicate  a  large  negative  oxide  charge  buildup  caused  by  trapping 

-17  2 

centers  with  a  capture  cross  section  oc  ■v  10  cm  ,  and  a  centroid-weighted 

-7  -2  12  -2 

areal  density  <1  in  excess  of  3  x  10  C-cm  (N  >2x10  cm  ).  The  data  also 
ot  ot 

-19  2  -7  -2 

indicate  a  trapping  center  with  a  'v  10  cm  and  Q  v  2  x  10  C-cm 
c  c  xot 

12  -2 

(1  x  10  cm  ).  In  between  these  two  trap-dominated  regimes,  an  anomalous 

-7  -2 

positive  charge  in  excess  of  2  x  10  C-cm  is  produced  with  an  effective 

“1  —18  2 

cross  section  o  ,,  =  e(AF.)  ^  10  cm  .  AF.  is  the  interval  of  current 
etr  A  A 

fluence  over  which  varies  significantly,  and  is  defined  relative  to  the 

injected  electron  current  flux  =  F  / t  (see  Table  1). 

The  same  sequence  occurs  in  dry  control  oxides,  with  an  expanded  time 

scale  (i.e.,  larger  AF^  values,  by  approximately  one  order  of  magnitude). 

This  is  illustrated  in  Figures  2  and  3.  Thus,  the  dominant  trapping  center 

—18  2 

in  dry  oxides  has  ac  v  10  cm  ,  and  the  anomalous  positive  charge  is  produced 
-19  2 

with  a  „  ^  10  cm  . 
eff 

We  shall  proceed  to  describe  separately  (A)  trapping  in  control  oxides, 

(B)  trapping  in  water  diffused  oxides,  and  (C)  the  anomalous  positive 
charge  effect  in  both  oxide  types. 

A.  Trapping  in  Dry  Control  Oxides 

AV_„(HT)  data  show  clearly  that  electron  trapping  in  dry  control  oxides 
FB 

is  not  a  small  effect.  This  is  illustrated  in  Figure  5.  Relative  to  water 
containing  oxides,  however,  trapping  in  dry  control  oxide  samples  is  slow. 

-2 

Specifically,  in  the  region  of  low  injection  current  fluence  (F^  <  0.3C-cm  ), 

electron  capture  is  approximately  an  order  of  magnitude  less  efficient  in 
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dry  oxides.  This  is  illustrated  in  Figures  1  and  5.  Table  3  is  a  summary 
of  electron  trapping  centers  and  anomalous  positive  interface  charge  measured 
in  dry  control  oxides. 

The  results  in  Table  3  agree  generally  with  the  measurements  of  Young 

and  coworkers  (9,17),  over  the  fluence  regime  in  which  these  several  studies 

overlap.  Systematic  differences  in  the  amount  and  kind  of  trapping  centers 
—  18  2 

with  <  10  cm  are  due  to  the  fact  that  detailed  separation  of  the  several 

traps  of  this  type  (see  reference  17)  was  not  executed  in  the  present  study. 

As  noted  in  Section  II  above,  great  care  was  taken  to  prepare  very  dry. 

control  oxides  for  the  present  study.  This  accounts  for  the  relatively  low 

-17  2 

level  of  traps  with  -v  10  cm  ,  since  these  traps  are  associated  with 
water  impurities.  The  highly  variable  , albeit  generally  small,  density  of 
such  traps  probably  resulted  from  unintentional  water  contamination  of  the 
oxide  films  during  fabrication  and  storage.  The  control  samples  were  stored, 
under  dry  ambient  conditions,  during  the  water  diffusion  step  for  the  diffused 
oxides,  as  discussed  in  Section  II. 

One  significant  difference  between  the  control  oxides  used  in  this  study 

and  the  oxides  studied  by  Young  and  coworkers  was  the  thickness  dependence 

of  the  measured  flat  band  shifts.  Young  and  coworkers  demonstrated  that 
2 

AVyg  «  dQ}!  for  dry  oxide  samples  subjected  to  postmetallization  annealing 
treatments  (9).  This  result,  and  supporting  evidence  from  photo  IV  measure¬ 
ments,  indicated  that  electron  trapping  centers  were  distributed  uniformly 
throughout  the  oxide  layer. 

For  the  dry  control  oxides  used  in  the  present  investigation,  which  were 
not  given  postmetallization  annealing  treatments,  AVj.g  a  dQx  was  approximately 
obeyed.  This  is  illustrated  in  Figure  9.  The  trapped  charge  centroid, 
determined  from  photo  IV  measurements  on  several  1000  A  thick  samples, 
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was  x  -v  0.35  dQx«  These  results  Indicate  that  the  trapping  centers  in  dry 
oxide  samples  not  subjected  to  postmetallization  annealing  treatments  are  con¬ 
centrated  in  the  outer  half  of  the  oxide  and/or  near  the  solid-solid  inter¬ 
faces,  rather  than  being  distributed  uniformly  throughout  the  oxide  (9). 

The  effect  of  postmetallization  annealing  on  dry  control  oxides  is  evi¬ 
dent  in  Figure  5.  This  result  is  very  similar  to  that  previously  reported 
by  Young  (see  Figure  A  of  reference  17).  The  effect  of  postmetallization 
annealing  and  of  extended  postoxidation  annealing  in  the  low-fluence  regime 
is  illustrated  in  more  detail  in  Figure  10.  It  is  clear  from  these  data 

that  the  effect  of  postmetallization  annealing  is  to  remove  trapping  centers 
-17  2 

with  ac  ■v  10  cm  .  Extended  postoxidation  annealing  significantly  reduces 

—1 8  2 

the  negative  oxide  charge  resulting  from  trapping  centers  with  a 'v  10  cm  . 

To  summarize,  carefully  prepared  dry  thermal  oxide  films  exhibit  signi¬ 


ficant  negative  oxide  trapped  charge  buildup.  Initial  capture  efficiencies 

NQtoc  are  of  the  order  of  10  and  total  areal  trapped  electron  density 
12  -2 

N  can  exceed  10  cm  for  large  injected  electron  fluences.  The  initial 
ot 

capture  efficiency  can  be  reduced  almost  two  orders  of  magnitude  by  annealing 

treatments.  Postmetallization  annealing  eliminates  trapping  centers  with 
-17  2 

a  10  cm  ,  apparently  resulting  from  low  temperature  moisture  contamina- 
c 

tion.  Extended  postoxidation  annealing  (16  hr  at  1000°C  in  dry  N 2>  eliminates 

—18  2 

trapping  centers  with  oc  'v  10  cm  . 


B.  Trapping  in  Water-Diffused  Oxides 

Trapping  effects  in  very  carefully  prepared  dry  oxide  films  subjected 
to  a  postoxidation  water  diffusion  step  at  a  sample  temperature  of  approxi¬ 
mately  150°C  are  shown  in  Figures  3-5.  Analyses  of  these  and  similar  data 


indicate  that  the  dominant  effect  of  low  temperature  water  diffusion  is  the 
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introduction  of  a  large  density  of  trapping  centers  with  oc  %  10  cm  . 

-17  2 

Nicollian  and  coworkers  (5)  determined  a  value  n  =  1.5x10  cm  at  room 

c 

temperature.  In  the  present  study,  measurements  at  100eC  produced  a  value 
-17  2 

oc  =  (1.0+0. 2)  x  10  cm  ,  in  agreement  with  Young's  results  on  nominally 
dry  oxides  without  postmetallization  anneal  (17).  It  is  not  clear  that  this 
difference  is  significant,  and  hence  it  cannot  be  interpreted  as  a  variation 
of  oc  with  temperature. 

There  are  also  subtle  quantitative  differences  between  dry  control 

oxides  and  water  diffused  oxides  in  the  density  and  cross  sections  of  trap$ 

— 18  2 

with  oc  <10  cm  .  Qualitatively,  the  electron  trapping  behavior  is  similar 

-2 

at  fluences  >  0.2  C-cm  ,  as  indicated  in  Figure  5.  We  shall  not  address 

this  question  further,  and  shall  concentrate  on  the  water  related  trap  with 

,„-17  2 

o  %  10  cm  . 

c 

Table  4  is  a  summary  of  negative  oxide  trapped  charge  associated  with 

electron  trapping  at  this  center,  and  of  the  anomalous  positive  interface 

charge,  measured  in  water-diffused  oxides.  The  saturation  value  of  Q  exhibit 

a  relatively  weak  dependence  on  Pu  the  water  content  of  the  diffusion 

H2° 

ambient,  as  illustrated  in  Figure  4.  There  is  also  a  weak  dependence  on 

dQx,  the  oxide  thickness,  as  illustrated  in  Figure  11.  From  Figure  11, 

+  + 

AV  «d  ,  so  that  Q  i  iV  /d  is  independent  of  the  oxide  thickness, 
p  ox  ot  p  ox  r 

This  is  illustrated  in  more  detail  in  Figures  12  and  13.  Using  the  data  of 
Figures  12  and  Equations  9  and  10,  the  total  density  N  and  the  centroid  x 
of  the  saturated  negative  trapped  charge  can  be  calculated.  Results  of  these 
calculations  are  presented  in  Figure  14. 

The  solid  lines  in  Figures  12-14  are  least-square  best  fits  of  simple 


polynomials  to  the  data  of  Figures  12  and  13.  For  dQx  in  Angstroms,  the 


zeroth  and  first  moments  of  the  trapping  center  distribution  are  given  by 
N  -v  (5xl012  +  2xl09  dox)cm"2  (11) 

and 


x  -  0.5  dQx[l  +  20Q0 


ox^-1 


(12) 


These  relations  hold  for  diffusion  at  150°C  for  10  minutes,  with  Pu  n  v  50  nun  Hg 

H2° 


Measurements  for  ^  =  (30-150)mm  Hg  are  similar  to  those  just  described. 

For  this  diffusion  regime,  in  which  the  anomalous  positive  charge  effect  is 

large  (see  Figure  8) ,  the  distribution  of  water-related  trapping  centers  does 

not  depend  strongly  on  the  water  content  of  the  diffusing  ambient. 

Equation  12  contains  a  length  parameter  approximately  equal  to  2000  A. 

This  can  be  interpreted  as  a  characteristic  diffusion  length  or  penetration 

depth  D  for  the  water-related  trapping  centers.  For  the  diffusion  conditions 

studied,  we  might  expect  that  in  films  with  d  <<D,  x  -v  0.5  d  and  N  “  d 

ox  ox  ox 

For  this  case,  the  trapping  centers  would  be  uniformly  distributed  throughout 

2 

the  oxide  and  AV__  «  xN  «  d 

FB  ox 

In  the  other  extreme,  we  might  expect  that  for  dQx>>D,  x  'v  0.5  D 
and  N  would  be  independent  of  dQx.  For  this  case,  the  trapping  center  distri¬ 
bution  would  not  penetrate  the  oxide  layer  and  AV^-  “  xN  would  be  independent 

r  b 

of  d 


ox 

Both  of  these  cases  have  been  demonstrated.  Figure  15  shows  the  result 

of  postoxidation  water  diffusion  at  a  sample  temperature  of  300°C,  which 

should  have  the  effect  of  greatly  increasing  the  water  diffusion  depth  D. 

2 

Figure  16  shows  the  same  data  replotted,  indicating  that  AV^  <*  dQx  ,  as 
expected  for  D  >  d  .  Photo  IV  data  on  these  samples  are  consistent  with 
these  data,  showing  that  x  'v  0.5  d 

ox 
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In  the  other  extreme,  Figure  17  shows  the  result  of  post  oxidation  water 
diffusion  at  a  sample  temperature  of  135  t.  For  samples  with  dQx  >  1500  A, 
AVpg  is  approximately  constant  (i.e.,  independent  of  d  ).  This  is  con¬ 
sistent  with  the  conditions  D  <  d  ,  and  with  photo  IV  data  indicating  that 
the  centroid  of  the  oxide  trapped  charge  distribution  is  located  away 
from  the  center  of  the  film  and  toward  the  Al-Si02  interface. 

These  conclusions  are  qualitatively  consistent  with  the  water  diffusion 
model  proposed  by  Nicollian,  et^  a_l . ,  for  generation  of  the  water-related 
electron  trapping  centers  (5).  However,  the  penetration  depth  determined 
by  the  analysis  described  above  (D  2000  A  for  a  diffusion  temperature  of 
150°C)  is  much  larger  than  the  characteristic  diffusion  length  (^500  A) 
determined  by  Nicollian,  et  al. ,  from  etch-back  profiling  of  oxide  trapped 
charge.  The  larger  depth  is  in  fact  more  consistent  with  the  qualitative 
description  presented  by  these  authors  (5,6)  of  conditions  under  which  water 
does  not  penetrate  to  the  Si-SiO^  interface. 

Figure  18  shows  data  obtained  at  a  fixed  avalanche-injected  charge 
fluence  on  thick  oxides  subjected  to  postoxidation  water  diffusion  at 

135°C.  These  data  indicate  that  AV  is  approximately  proportional  to 

r  d 

/"p,,  -  in  the  regime  in  which  D  <  d  .  This  is  not  consistent  with  results 
H^O  ox 

reported  by  Nicollian,  et  al.  (5).  Note,  however,  that  this  dependence 

was  not  observed  for  d  'v  1000  A  and  T^, ^  150°C  in  the  present 

ox  DIFFUSION 

study,  as  discussed  above.  For  these  latter  conditions,  it  is  reasonable 
to  assume  that  D  d  ,  and  that  the  water-related  trapping  center  dis¬ 
tribution  is  complicated  by  the  presence  of  a  diffusion  barrier  (the  Si 
surface)  and  possibly  by  solubility  limitations  at  the  SiO^  surface.  On 

this  last  point,  the  data  in  Figures  14  and  16  indicate  that  average  volume 
__1  ^ 

trap  densities  N  d  are  of  the  order  of  10  cm  .  This  is  much  less  than 
ox 
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water  species  concentrations  observed  in  thermal  oxide  films  grown  in  water 
containing  environments  (18,19). 

To  summarize,  the  effect  of  water  indiffusion  on  very  dry  thermal 

oxide  films  is  the  introduction  of  an  electron  trapping  center  with 
-17  2 

'v  10  cm  .  The  distribution  of  these  trapping  centers  is  characterized 
by  an  effective  length  D.  D  is  approximately  2000  A  for  a  diffusion  tempera¬ 
ture  of  150°C,  and  is  approximately  1300  A  (see  Figure  17)  for  a  diffusion 
temperature  of  135°C.  In  the  limit  d  >  D,  the  saturated  negative  oxide 
trapped  charge  produced  by  electron  capture  at  the  water-related  trapping  ' 
centers  obeys  the  relation 


\>t 


h2o 


(13) 


where  Pu  _  is  the  water  content  of  the  diffusing  ambient.  In  the  limit 

dQx<<D,  the  trapping  centers  are  distributed  uniformly  in  the  oxide  layer, 

18  -3 

with  a  volume  density  of  approximately  10  cm 
3.  Anomalous  Positive  Charge 

Anomalous  positive  charge  Q^t  or  is  employed  here  in  a  modified 

sense  from  the  definition  given  by  Deal  (16).  Young  and  coworkers  (9) 
and  Miura  and  coworkers  (11)  have  demonstrated  that  at  least  a  major 
fraction  of  measured  positive  charge  generated  by  avalanche  injection  of 
electrons  is  interface  trapped  charge  in  the  strict  sense  of  Deal.  That 
is,  the  positive  charge  measured  under  flat  band  conditions  is  due  to 
ionized  donor-like  states  at  the  Si-Si02  interface  in  thermal  and  electrical 


communication  with  the  Si  surface.  This  point  was  not  addressed  systemati¬ 
cally  in  the  present  study,  although  Lai (20)  Las  shown  in  one  of  the 


present  samples  that  ionized  donor-like  states  accounted  for  a  major  fraction 

of  Q.  .  They  did  not  account  for  all  of  .  These  results  for  D.  ,  the 
it  J  ^it  it 

interface  trapped  charge  state  density,  are  shown  in  Figure  19.  These  data 
were  obtained  by  comparison  of  high  frequency  C-V  and  linear  ramp  I-V 
measurements  (21) . 

Thus,  in  fact,  anomalous  positive  charge  Q  consists  primarily  of 
ionized  donor-like  states.  There  is  some  admixture  of  fixed  positive 
charge,  located  spatially  within  50  A  of  the  Si-SiO^  interface  and  ener¬ 
getically  away  from  the  Si  band  gap  (16).  Q  is  measured,  according  to  the 
prescriptions  of  Equations  7A-C,  as  the  difference  in  the  displacement  of 
the  room  temperature  flat  band  voltage  shift  and  the  displacement  in 
voltage  of  other  MOS  device  characteristic  curves  which  are  insensitive  to 
interfacial  charge  and  states.  Thus,  is  a  convenient  and  reproducible, 

but  arbitrary,  measure  of  the  net  change  in  oxide  fixed  charge  and  interface 
trapped  charge  produced  by  avalanche  injection  and  transport  of  an  electron 
current  in  the  oxide. 

As  indicated  in  Figures  2  and  3,  the  room  temperature  flat  band  shift 
reversal  produced  by  anomalous  positive  charge  buildup  at  the  Si-SiO^  inter¬ 
face  occurs  in  both  dry  control  oxides  and  water  diffused  oxides.  Tables 
3  and  4  contain  summary  data  for  dry  and  wet  oxides,  respectively.  In  both 
types  of  films,  the  magnitude  of  the  positive  interface  charge  density  Q 
was  approximately  equal  to  the  magnitude  of  Q  ,  the  centroid-weighted 
negative  oxide  trapped  charge  density  associated  with  the  dominant  and  most 
efficient  electron  trapping  center.  Also,  anomalous  positive  charge  buildup 
occurred  over  a  definite  and  finite  time  regime  in  both  types  of  films, 
as  indicated  in  Figure  8  for  water  diffused  oxides. 
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Two  additional  characteristics  of  the  flat  band  reversal  phenomenon 
are  illustrated  in  Figures  20-22  for  water  diffused  oxide  films.  First, 
it  was  approximately  true  that  the  avalanche  injection  charging  curve  (AV 

FB 

vs  t^)  scaled  with  the  avalanche  charge  fluence  F^.  Figure  20  exhibits 

AV  (RT)  vs.  t  for  several  different  currents  I.,  and  Figure  21  exhibits 

the  same  AV„_(RT)  data  replotted  as  a  function  of  F. .  Deviations  of  the 

several  data  plots  in  Figure  21  from  a  single  renormalized  curve  indicate 

a  flux  dependence  of  the  effective  cross  section  °ef£  for  positive  charge 

generations.  Miura  and  coworkers  (22)  have  recently  discussed  a  charge 

flux  (i.e.,  current  density)  dependence  of  interface  state  generation. 

We  shall  consider  below  only  the  first  order  effect,  the  general  variation 

of  Q  with  F.,  neglecting  the  current  density  dependence  (20),  Second,  Figure 
It  A 

22  indicates  that  positive  charge  generation  was  only  weakly  dependent  on 
the  water  content  of  the  diffusing  ambient.  This  statement  applies  in  the 
diffusion  regime  in  which,  as  discussed  above,  the  effective  water  diffusion 
depth  D  ^  d 

ox 

Figures  23-26  indicate  the  detailed  variation  of  with  avalanche 

charge  fluence  F^.  In  these  figures,  the  curves  marked  "Q^"  were  obtained 

from  AV„_  data  measured  at  100°C  (see  Equation  4,  and  Figures  2,  3,  and  3). 

The  curves  marked  "Q  +  "  were  also  obtained  directly  from  experimental 

data,  AV  measured  at  22°C  (see  Equation  3,  and  Figures  2  and  3).  The 
r  B 

curve  marked  "Q^  "  was  calculated  by  subtracting  the  two  experimental 
curves  (see  Equation  7A) . 

In  all  cases,  the  Q  vs.  FA  curves  have  the  general  appearance  of 
simple  first  order  kinetic  variations,  i.e.,  an  exponentially  increasing 

function  of  F.,  with  two  modifications.  First,  the  initial  linear  portion 

A 
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of  the  several  curves  persists  over  too  long  a  fluence  interval,  compared 

to  a  true  exponential  behavior.  Basically,  the  initial  increase  of  Q 

is  too  slow.  Second,  there  is  in  Figures  24-26  a  slow  linear  decrease 

in  Q  at  large  fluence  values.  We  will  not  presently  address  this  phenomenon. 

Figure  27  indicates  clearly  the  qualitative  description  just  stated. 

Figure  27  was  obtained  from  the  Q  vs.  F,  curves  by  the  following  pro- 

1l  a 

cedure.  First,  the  linear  decrease  at  large  Fa  values  is  extrapolated  to 
F  =  0  and  added  to  the  Q  curves  in  Figures  23-26.  This  produces  a 

A  1 L 

modified  Q  vs.  FA  curve  which  is  asymptotic  to  a  zero-slope  line  with 
intercept  Q^.  is  thus  the  saturated  steady  state  value  of  which 

would  have  been  reached  in  the  absence  of  the  unexplained  linear  decrease. 
Second,  the  quantity  (Q^-Q^)  i  is  calculated,  using  the  modified  Qit 
values.  Finally,  (Q  -Q^t)  f  is  plotted  against  FA,  on  a  semilogarithmic 
scale  (Figure  27). 

The  results  summarized  in  Figure  27  indicate  that  increases 

exponentially  with  FA  at  large  fluences,  in  both  wet  and  dry  oxides. 

Thus 

Qit  *  QM  t1_exph  e  ®eff(FA"V>  f°r  FA  >  2F0  (15) 

where  a  the  effective  cross  section  for  interface  positive  charge 
generation  can  now  be  precisely  defined,  and  Fq  is  in  effect  an  initial 
time  delay.  For  F.<  2F  ,  the  increase  in  Q  is  approximately  linear, 

AO  1C 

rather  than  exponential.  Table  5  exhibits  values  of  and  Fq  for  the 

two  oxide  types. 

The  observed  behavior  of  the  anomalous  positive  charge,  summarized 
in  Figure  27  and  Equation  15,  indicates  that  generation  of  this  charge 
requires  at  least  two  steps  initiated  by  the  avalanche  injected  electron  flux. 
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First,  it  appears  that  positive  charge  buildup  can  only  occur  subsequent  to 
the  production  of  negative  oxide  trapped  charge.  We  suggest  that  this 
accounts  for  the  initial  delay  in  the  approach  to  simple  first  order 
kinetic  behavior  (see  Equation  15).  We  suggest  specifically  that  some 
defect  configuration  formed  in  the  bulk  of  the  oxide  film  during  or  subse¬ 
quent  to  electron  capture  and  localization  at  trapping  centers  in  the  film 
is  a  precursor  for  the  defect  or  impurity  structure  responsible  for  the 
donor  state  distribution  exhibited  in  Figure  19.  This  statement  presumably 
also  applies  to  any  defect/impurity  structure  that  results  in  a  fixed  oxide 
charge  component  of  positive  Q^,  as  discussed  above. 

In  the  simplest  case,  the  trapped  electron  center  itself  would  be  the 
precursor  of  the  interface  donor-state  center  and  the  positive  fixed-charge 
center.  For  this  case,  the  following  kinetic  equations  would  apply: 
dN  (F  )  o 

(16) 

A 


<"iU<rA>  "eft 

-IfJL  '  +  -^(Not(FA)-Nit(FA>1 

A 


Thus,  for  F.  <  ea  ,  the  amount  of  negative  oxide  charge  Q  controls  the 
Ac  ot 

production  of  Q^.  For  FA>>eoc\  QQt  has  attained  its  saturated  value 
Qot(®),  and  would  be  expected  to  obey  the  relation 

Qit(FA>  '  VK'-wHr  -  e  °eff  FA»  (,8> 

c 

This  last  equation  is  heuristic.  In  general,  the  exponent  term 
might  be  weighted  by  a  numerical  factor  of  order  unity.  Comparison  of 
Equation  15  with  Equation  18  shows  that  this  simple  model  requires  that 
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Qit(")  *  Q^j  ^  Qot;(«0  and  t^iat  the  delay  period  Fq  %  eo^.  Examination 

of  the  calculated  results  for  Q  in  Table  5,  and  comparison  with  QoJ. 

results  for  dry  oxides  (Table  3)  and  water  diffused  oxides  (Table  4)  show 

that  these  conditions  are  approximately  fulfilled.  The  calculated  values 

of  F  are  somewhat  less  than  eo  ^  if  a  is  the  capture  cross  section  of 
o  c  c 

the  dominant  trap  in  each  oxide. 

A  second  step  required  for  formation  of  anomalous  positive  charge  is 
also  initiated  in  some  way  by  the  injected  electron  flux  I  /A.  This  process 

A 

is  characterized  by  the  effective  cross  section  it  is  not  known 

from  the  present  work  whether  this  step  occurs  within  the  oxide  bulk  or 
at  the  Si-SiC^  interface.  It  is  clear,  however,  that  the  model  just  pre¬ 
sented  does  require  transport  of  some  quantity  (mass  or  energy  or  both) 
from  the  bulk  of  the  oxide,  where  QQt  is  located,  to  the  interface  region, 
within  which  is  measured.  This  transport  could  obviously  occur  after 
the  first  kinetic  step  described  above  (electron  trapping  in  the  oxide  bulk) 
or  after  the  second  kinetic  step  (which  results  in  interface  donor  state 
generation  and/or  positive  fixed  charge  localization  at  the  interface). 

To  summarize,  anomalous  positive  charge  generation  occurs  in  both  dry 
control  oxides  and  water  diffused  oxides.  This  positive  charge,  measured 
under  flatband  conditions,  involves  both  interface  trapped  charge  (donor¬ 
like  states)  and  oxide  fixed  charge  contributions.  In  both  types  of  oxides, 
the  amount  of  positive  interface  charge  and  the  early-stage  generation 
kinetics  of  this  charge  are  determined  by  the  dominant  occupied  electron 
trapping  center  in  the  bulk  of  the  oxide  film.  We  suggest  that  the  occupied 
electron  trap  responsible  for  negative  Q  is  a  direct  or  indirect  precursor 
for  the  interface  defect  responsible  for  positive  . 
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In  addition  to  the  precursor  formation,  the  avalanche  injected  electron 
flux  is  apparently  required  to  initiate  a  second  kinetic  step  necessary  to 
final  formation  of  Q^.  The  effective  cross  section  for  this  second 
process  differs  for  dry  control  oxides  and  water  diffused  oxides. 

Finally,  within  the  framework  of  the  model  proposed,  transport  of  energy 
and/or  mass  from  the  oxide  bulk  to  the  semiconductor  oxide  interface  must 
occur  at  some  point  in  the  overall  kinetic  process  resulting  in  Q  . 

We  emphasize  that  the  results  just  described,  particularly  the  behavior 
of  the  anomalous  positive  charge  associated  with  fast  and  slow  interface 
states  and  fixed  oxide  charge,  pertain  to  the  specific  set  of  sample  fabri¬ 
cation  conditions  described  in  Section  II,  It  is  very  clear  that  these 
effects  are  extremely  sensitive  to  details  of  both  the  oxidation  procedure 
and  any  post  oxidation  sample  treatments  (including  storage  conditions). 
Individual  samples  have  been  prepared  in  which  the  anomalous  positive  charge 

effect  dominated  electron  trapping  (so  that  AV_„  was  negative  from  t.  'v  0) 

r  D  A 

and  In  which  the  magnitude  of  Q^t  was  much  less  than  the  magnitude  of  Q  . 

The  effects  of  annealing  treatments  are  well  characterized  (see  Fig,  10 
and  ref.  17).  It  was  also  clear  in  our  program  that  extended  storage  of 
dry  oxides  in  nominally  dry  ambients  produced  effects  similar  to  water  in¬ 
diffusion,  even  if  the  oxide  had  been  covered  with  a  thin  (^15  nm)  A1 
electrode.  The  effect  of  other  processing  variations,  however,  is  not 


well  understood. 


IV .  DISCUSSION  AND  CONCLUSIONS 

Diffusion  of  water  into  dry  thermal  oxide  films  results  in  the  for¬ 
mation  of  an  impurity  related  center  which  is  responsible  for  electron 
trapping  in  the  bulk  of  the  oxide  film,  and  also  for  generation  of  donor¬ 
like  states  and  fixed  positive  charge  in  the  vicinity  of  the  Si-Si02  inter¬ 
face.  It  is  clear  that  some  defect  structure  which  produces  the  same  general 
response  to  an  injected  electron  flux  also  exists  in  very  dry  thermal  oxide 
films.  The  dramatic  difference  between  the  two  types  of  films  in  negative 
oxide  charge  buildup  and  anomalous  positive  charge  generation  at  low  injected 
electron  fluences  is  illustrated  in  Figure  1.  The  results  summarized  in 
Tables  3  and  4,  and  in  Figure  5,  indicate  that  this  difference  is  not  primarily 
due  to  differences  in  trapping  center  densities,  but  rather  to  the  specific 
properties  of  the  dominant  electrically  active  defect  in  each  film. 

A .  Trapping  in  Dry  and  Water  Diffused  Oxides 

In  both  dry  and  water  diffused  oxides,  the  capture  cross  section  of  the 

dominant  electron  trapping  center  is  smaller  than  that  anticipated  for  a 

simple  electrically  neutral  defect.  For  a  simple  neutral  defect,  the  capture 

radius  r ^  =¥/gc/Tr  should  be  an  atomic  radius  (r^>0.5  A).  In  fact,  for  dry 

oxides  r  %  0.05  A,  and  for  water  diffused  oxides  r  -v  0.2  A.  A  general 
c  c 

explanation  for  such  small  cross  sections  is  modulation  of  a  neutral  trapping 
center  (with  a  square  well  core  potential  having  a  capture  cross  section 
10  ^-10  ^cm^)(4)  by  some  effective  probability  factor.  Specific  examples 
include  situations  in  which  only  conduction  electrons  with  sufficient  kinetic 
energy  to  overcome  a  repulsive  potential  barrier  are  captured  (2)  or  in 
which  capture  into  a  long-lived  shallow  excited  state  is  unstable  against 


thermal  excitation.  In  the  context  of  this  model,  the  primary  effect  of 


water  indiffusion  is  to  increase  the  core  diameter  and/or  reduce  the 
probability  factor. 

The  most  economical  assumption  is  that  water  indiffusion  has  the  net 
effect  of  dressing  existing  neutral  defects  in  dry  oxide  films.  It  is  not 
possible  at  present  to  specify  detailed  models  for  these  trapping  centers. 
Several  distinct  possibilities  exist  for  the  overall  mechanism,  however. 

First,  fragments  of  the  diffusing  water  molecules  may  be  bonded  into  structural 
defects  in  the  SiO^  network.  Triply-bonded  Si  or  peroxy  radicals,  for  example, 
have  been  identified  by  EPR  studies  in  bulk  glasses.  In  an  ionic  bookkeeep'ing 
scheme,  the  two  defects  just  mentioned  correspond  to  oxygen  vacancies  and 
oxygen  interstitials,  respectively.  Characterization  of  the  properties  of 
very  dry,  and  presumably  very  clean,  oxides  in  terms  of  such  intrinsic  de¬ 
fects  is  reasonable.  Dressing  of  such  defects  by  water  fragments  would 
produce  Si-H  and  Si-OH  ligand  complexes.  There  is  firm  experimental  evidence 
for  such  ligands  (23).  The  major  difficulty  with  this  scheme  is  the  absence 
of  any  convincing  evidence,  from  bulk  silica  studies,  that  either  the  bare 
intrinsic  defects  or  the  dressed  defects  trap  single  electrons.  Note  that 
this  is  not  decisive  evidence  against  such  a  mechanism  in  the  present  case, 
since  bulk  trapping  studies  invariably  involved  two-carrier  generation 
(electron-hole  pairs  produced  by  ionizing  radiation)  rather  than  single 
carrier  transport. 

A  second  model  for  the  effect  of  water  indiffusion  is  ion  exchange. 

If,  for  example,  the  dry  oxide  films  contained  trapping  centers  involving 
non-mobile  Na  impurities,  the  effect  of  water  diffusion  could  be  to  replace 
the  Na  impurities  with  H- impurities.  This  mechanism  certainly  occurs  in 
bulk  glasses  at  higher  temperatures  than  those  employed  in  the  diffusion 
steps  in  the  present  program  (24 ) . 
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The  suggestion  that  Na  replacement  by  H  is  the  important  result  of 

water  diffusion  clearly  implies  that  a  significant  concentration  of  non- 

mobile  Na  exists  in  the  dry  control  oxides.  Since  the  amount  of  non-mobile 

Na  required  to  account  for  trapping  center  concentrations  observed  in  the 

present  study  is  relatively  high  (average  volume  concentration  Q^/X  in 
17  -3 

excess  of  5x10  cm  ),  this  seems  unlikely.  What  has  in  fact  been  demon¬ 
strated,  however,  is  that  the  concentrat ion  of  mobile  Na  in  our  films  is 
at  least  two  orders  of  magnitude  less  than  the  saturated  concentration  of 
Qo£./X.  The  presence  of  sufficient  non-mobile  Na  to  account  for  dry  oxide 
trapping  has  not  been  definitively  ruled  out.  Thus,  an  ion  exchange  process 
of  trapping  center  modification  by  water  fragments  has  not,  at  this  point, 
been  definitively  eliminated. 

A  third  model  for  the  effect  of  water  indiffusion,  consistent  with  the 
trapping  results,  is  simple  association  (i.e, .proximity)  of  a  water  related 
ligand  complex  (involving  Si-H  or  Si-OH  bonds),or  of  dissolved  molecular 
H20,with  some  dry  oxide  trapping  center  involving  an  intrinsic  structural 
defect  or  an  impurity  related  defect.  Very  recently,  Hartstein  (23)  has 
demonstrated  that  water  indiffusion  increases  significantly  the  SiOH  con¬ 
centration,  and  that  this  can  be  subsequently  reduced  by  postmetallization 
annealing.  Thus,  the  SiOH  content  varies  with  sample  treatment  (water 
diffusion  and  PMA)  in  a  way  that  parallels  the  variation  of  o for  the 
dominant  electron  trapping  center. 

We  note  explicitly  that  the  proximity  model  addresses  one  problem 
cited  above,  namely  that  the  SiOH  ligand  structure  and  any  intrinsic  pre¬ 
cursor  defect  in  a  dry  oxide  have  not  been  demonstrated  to  be  electron 
trapping  centers.  It  does  not  address  the  more  general  problem,  namely 


that  either  some  intrinsic  defect  which  does  trap  electrons  must  exist  in 
the  clean,  dry  oxides,  or  that  a  relatively  large  concentration  of  some 
impurity  must  exist  in  these  oxides.  Present  data  require  approximately 
50  of  one  or  the  other  defect  per  million  SiO^  molecules. 

B.  Positive  Interface  Charge  Generation 

The  model  proposed  in  Section  IIIC  does  not  invoke  any  special  prepara¬ 
tion  of  the  Sj'-SLO^  interface  as  a  requirement  for  anomalous  positive  charge 
generation.  Dry  oxide  films  exhibit  a  large  positive  charge  anomaly, 
differing  from  that  observed  in  water  diffused  oxides  primarily  in  the 
overall  efficiency  of  the  process.  Therefore,  it  does  not  seem  necessary 
to  assume  that  prior  modification  of  the  interface  by  water-related  impurities 
is  necessary  to  the  generation  of  interface  charge,  as  suggested  by  Nicollian 
and  coworkers  (5). 

The  most  important  problem  that  arises  in  connection  with  the  model 
proposed  in  Section  IIIC  Is  the  identity  of  the  species  which  diffuses  from 
the  oxide  bulk  to  the  Si-SiC^  interface.  Weinberg  and  coworkers  have 
considered  this  problem  in  some  detail,  within  a  more  general  context  (25). 

The  two  possible  diffusing  species  suggested  by  these  authors  —  a  water 
fragment  (most  likely  neutral  atomic  hydrogen)  or  an  exciton  —  are  consistent 
with  the  present  result. 

Nicollian  and  coworkers  (5)  reported  evidence  for  release  of  hydrogen 
during  the  electron  capture  process.  It  was  not  possible  to  demonstrate 
a  quantitative  correlation  between  the  released  hydrogen  and  the  oxide  trapped 
charge,  however.  In  the  present  model,  hydrogen  release  could  be  correlated 
with  the  second  kinetic  step,  occurring  subsequent  to  electron  capture. 
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If  atomic  hydrogen  diffuses  to  the  interface  during  generation  of 

positive  interface  charge,  then  the  electron  trapping  center  in  dry  oxides 

must  involve  hydrogen  impurities.  There  is  experimental  evidence  that 

measurable  concentrations  of  water-related  species  exist  in  the  dry  oxide 

films,  even  though  these  films  were  prepared  in  oxidants  containing  less 

than  1  ppm  H^O  (23).  It  is  not  clear,  however,  that  these  concentrations 

17  -3 

are  sufficient  to  account  for  Q  (0.5x10  cm  average  volume  concentration). 

On  the  other  hand,  excitons  may  be  the  species  which  diffuses  to  the 
interface  (25).  The  model  proposed  above  then  requires  that  these  excitons. 
are  produced  via  an  interaction  between  the  conduction  electrons  and  a 
negatively-charged  trapped  electron  center,  which  interaction  does  not  change 
the  net  charge  of  the  center.  This  process  would  have  to  be  an  Auger  exci¬ 
tation  involving  some  small  fraction  of  the  avalanche-injected  conduction 
electrons  which  are  quite  hot  under  the  SiO^  internal  field  conditions 
prevailing  in  our  experiments  (a.10^  V-cm  ^ ) .  Diiiaria,  ej:  aj_.  ,  have  reported 
hot  electron  effects  under  generally  similar  conditions  (26),  with  generally 
similar  efficiencies  (^10  ^).  These  electrons  were  produced  by  internal 
photoemission,  rather  than  avalanche  injection. 

C .  Kinetics  of  Water  Diffusion 

Qualitatively,  the  buildup  of  Q  in  water  diffused  oxides  studied  in 

the  present  investigation  was  similar  to  that  reported  by  Nicollian,  e t  a 1 . 

(5).  There  are,  however,  some  rather  significant  quantitative  differences. 

If,  as  all  investigators  have  assumed,  the  spatial  distribution  of  electron 

-17  2 

trapping  centers  with  oc  'v  10  cm  is  determined  by  low  temperature  water 
diffusion,  then  the  parameter  D  can  be  interpreted  in  terms  of  a  character¬ 
istic  diffusion  length  x  .  Using  the  model  described  by  Nicollian,  et  ad.. 
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we  obtain  xq  'v  D/3  ^  600  A  for  a  ten  minute  diffusion  at  130°C.  Nicollian, 
et  al . ,  obtained  xq  'u  200  A.  In  addition,  Nicollian,  et  al . ,  reported 
AVfb  «  PH  Q,  whereas  we  obtain  AVpB  «  /PH  Q  for  dQx  >  D,  and  AVpB  approxi- 
mately  independent  of  P^  ^  for  dQx  'u  D. 

We  have  no  explanation  for  these  differences.  The  basic  oxidation 
process  was  different  in  the  two  studies.  The  Bell  Laboratory  oxides  were 
grown  under  a  negative  electric  stress,  a  procedure  presumed  to  restrict 
monovalent  impurities  to  the  oxide  surface  (27). 

D.  Conclusions 

All  things  considered,  negative  oxide  trapped  charge  formation  in  dry 
oxides  is  most  plausibly  attributed  to  an  intrinsic  or  H/OH  compensated 
structural  defect  grown  into  the  amorphous  SiC>2  network  at  high  temperatures. 
This  defect  can  be  dressed  by  fragments  of  water  molecules  incorporated 
in  the  oxide  layer  at  low  temperatures.  This  latter  process  increases  the 
capture  cross  section  of  the  neutral  trapping  center  by  an  order  of  magnitude, 
and  enhances  the  efficiency  of  the  negatively-charged  captured  electron 
center  in  generating  a  mobile  hydrogen  atom  or  an  exciton  via  an  interaction 
with  mobile  electrons.  Transport  of  the  resultant  mobile  species  (a  water 
molecule  fragment  or  an  exciton)  to  the  Si-SiC^  interface  results  in  formation 
of  interface  positive  charge.  The  detailed  reaction  at  the  interface,  and 
the  complete  structure  of  the  charged  interface  defect,  is  not  known. 

The  overall  process  of  positive  interface  charge  (Q^t)  generation 
during  injected  electron  transport  is  somewhat  analogous  to  mobile  ionic 
charge  (Q^) gene rat  ion  (16),  The  obvious  difference  is  the  source  location 
and  release  mechanism  of  the  mobile  species  which  migrates  to  the  Si-SiC^ 
interface.  In  the  case  of  Q  ,  the  mobile  species  is  an  Na+  ion  thermally 
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released  from  the  Al-SiO^  Interface  region.  In  the  case  of  Q^t»  the  mobile 
species  is  electrically  neutral  in  general  (25),  and  is  released  by  inelastic 
electron  scattering  from  trapped  electron  centers  distributed  throughout 
the  SiC>2  bulk.  As  noted  above,  we  have  not  definitely  disproved  the  possi¬ 
bility  that,  in  the  present  case,  "non-mobile"  Na  bonded  into  the  dry  oxide 
electron  traps  is  the  mobile  species  responsible  for  Q  generation.  The 
number  of  impurities  required,  and  the  neutral  character  of  the  mobile 
species  in  other  situations,  make  this  an  unlikely  possibility,  however. 

Also,  the  effect  of  an  applied  bias  at  elevated  temperatures,  as  described 
by  Young  and  coworkers  (9)  and  verified  in  the  present  program,  is  to  pro¬ 
duce  a  flat  band  shift  £V  opposite  to  that  expected  for  mobile  ionic 

F  B 

charge.  Q  buildup  cannot  therefore  be  related  to  any  mechanism  involving 
release  of  Na+. 

An  exciton  mechanism  for  generation  does  not  require  50  parts 
per  million  impurity  concentrations  in  the  dry,  and  presumably  clean,  control 
oxide.  In  this  case,  intrinsic  defects  in  the  silica  network  could  be 
responsible  for  electron  trapping  and  Q  formation.  However,  the  exciton 
model  does  require  an  Auger-like  transition  involving  some  hot  fraction  of 
the  injected  conduction  electron  distribution.  Clearly,  independent  veri¬ 
fication  of  such  a  process  is  required. 

Finally,  we  note  that  the  proposed  exciton  process  is  not  self  limiting, 
unless  the  excitation  also  produces  a  permanent  change  in  some  configuration 
coordinate.  Thus,  a  given  trapped  electron  center  could  produce  an  inde¬ 
finite  number  of  excitons.  Q  generation  would  thus  have  to  be  limited 
in  some  other  manner,  such  as  a  fixed  number  of  available  interface  defects 
at  which  donor-like  states  or  fixed  positive  charge  can  be  formed. 
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Table  1 


Characteristic  Fluence  Intervals 


oc  »  e  •  AFa-1  where  Q(AFa)  =  0.5  QMAX 


oc  (cm2) 

AFa  (C-cm-2) 

io-*7 

0.01 

I0"1!i 

0.1 

Table  2 


Dependence  of  Oxide  Trapped  Charge  on  H,0  Diffusion 


AVfb, 

avp+, 

SAMPLE 

TDIFFL'SlON”l50°C 

Diffusion**®  m,n 

INJECTION 

FLUENCE 

(C-cm-2) 

^VF8 

(V) 

Control 

(1000  A) 

0.18 

2.4 

P„2o-52  mm  Hg 
(KXK)  A) 

0.035 

6.0 

0.18 

0.5 

PH  o-103  mm  Hg 
(idOO  A) 

0.027 

7.3 

0.12 

1.4 

Ph,o-9149  mm  H« 

(lffeO  A) 

0.038 

5.5 

0.18 

1.0 
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AVa  Comparison 


ava 

ERROR 

(V) 

(V) 

(V) 

2.6 

2.9 

±  0.5  V 

10.2 

9.3 

±  0.7  V 

8.3 

8.0 

±  1,0  V 

12.3 

8.9 

±  1.5  V 

12.5 

10.0 

±  1.0  V 

11.8 

12.5 

±  0.75  V 

1 1.9 

10.5 

±  1.0  V 

Table  3 


DRY  OXIDE  CONTROL  SAMPLES 

Tox  =  1000°C  dox  =  (540-1620)  A 

POA  =  1000°C,  Ih.  N2  NO  PM  A 


NEGATIVE  TRAPPED  CHARGE 


Table  4 


DIFFUSED  OXIDE  MOS  SAMPLES 


Tox  -  1000°C 

POA  =  1000°C,  lh,  N 

DIFFUSION: 


2 

"^DIFFUSION  “  150  C,  ^DIFFUSION 
Ph2o  ~  50  -  150  mm  Hg 


d 


OX 


10  min 


ph2o 
(mm  Hg) 


52 

102 

148 


52 

102 

148 


N„t 

(cm-2) 


N| 

(cm 


Fa  *  0.033  C-cm-2  =  2  x  1017  c/cm2 
2.2  x  1012 
2.6  x  1012 
2.5  x  1012 


Fa  «  0.16  C-cm-2  =  l  x  1018  e/cm2 
1.9  x  1012 
2.7  x  1012 
2.5  x  10i2 


1.6  x 
2.3  x 
2.3  x 


=  1025  A 
NO  PMA 


2) 

1012 

10'2 

I0'2 

10'2 

1012 

1012 
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Table  5 


Kinetic  Parameters  for  Positive  Interface  Charge  Generation 


e/F0 

°eff 

SAMPLE 

(cm2) 

(cm2) 

Dry  Control,  no  PMA 

8.5  x  10-19 

I  I  x  (0-18 

Dry  Control,  PMA 

4.8  x  10-19 

1.0  x  10-18 

Water  Diffused 

(PH20  -  30  mm  Hg) 

2.8  x  10-18 

2.1  x  10- 18 

Water  Diffused 

(PHjo  -  50  mm  Hg) 

5.6  x  lO"18 

2.2  x  lO"18 
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FIGURE  CAPTIONS 


FIG.  1.  Flat  band  voltage  shifts  resulting  from  avalanche  injection  of 
electrons  into  a  dry  control  oxide  and  a  water  diffused  oxide.  These  data 
span  the  low  fluence  reg' 

FIG.  2.  Flat  band  voltage  shifts  resulting  from  avalanche  injection  of 
electrons  into  a  dry  control  oxide,  measured  at  room  temperature  and  at  100°C. 

FIG.  3.  Flat  band  voltage  shifts  resulting  from  avalanche  injection  of 
electrons  into  a  water  diffused  oxide,  measured  at  room  temperature  and  100°C. 

FIG.  4.  MOS  device  characteristic  shifts  measured  on  a  dry  control  oxide 
and  two  water  diffused  oxides.  All  data  were  obtained  at  room  temperature. 

The  solid  squares  are  C-V  flatband  shifts  AV-,,,  the  solid  circles  are  ava- 

r  o 

lanche  control  voltage  shifts  AV  at  constant  current,  and  the  crosses  are 

A 

photo  I-V  voltage  displacements  AV*.  Solid  lines  are  for  visualization 
convenience  only. 

FIG.  5.  MOS  device  charging  curves  Q  vs.  F  ,  measured  at  100°C.  Data 

Ot  A 

are  shown  for  two  different  dry  control  oxides  (PMA  and  no  PMA) ,  and  one 
water  diffused  oxide  (no  PMA) . 

FIG.  6.  Flat  band  voltage  shifts  resulting  from  avalanche  injection  of  electrons 
into  a  water  diffused  oxide,  measured  at  22°C  and  100°C.  These  data  were 
obtained  in  the  very  low  fluence  regime. 
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FIG.  7.  Flat  band  voltage  shifts  resulting  from  avalanche  injection  of 
electrons  into  a  water  diffused  oxide,  measured  at  22 °C  and  100°C.  The  two 
room  temperature  data  runs  were  made  before  (B)  and  after  (A)  extensive  wafer 
treatment  at  100°C. 

FIG.  8.  MOS  device  charging  curve  measured  on  a  water  diffused  oxide. 

Data  were  obtained  at  room  temperature. 

FIG.  9.  MOS  device  charging  curves  measured  on  two  dry  control  oxides. 

Data  were  obtained  at  100°C.  Since  lo  j  *  AV„„(HT)/d  ,  coincidence  of 

1  ot  FB  ox 

the  two  curves  would  imply  that  AV  (HT)  «  d 

r  d  OX 

FIG.  10.  Flat  band  voltage  shifts  resulting  from  avalanche  injection  of 
electrons  into  a  dry  control  oxide,  measured  at  120°C.  Data  are  shown  for 
four  different  annealing  conditions,  as  indicated.  Postoxidation  annealing 
(POA)  is  performed  in  a  dry  nitrogen  ambient,  and  postmetallization  annealing 
is  performed  in  a  forming  gas  ambient  (PMA) . 

FIG.  11.  MOS  device  characteristic  shifts  measured  on  a  water  diffused  oxide. 
Diffusion  conditions  were  Pu  _  =  52  mm  Hg  at  a  temperature  of  150°C  for 
10  minutes.  Data  are  shown  for  two  different  oxide  thicknesses.  Solid 
lines  are  for  visualization  convenience  only. 

FIG.  12.  Photo  IV  characteristic  voltage  displacements  produced  by  avalanche 
injection  of  electrons  into  a  water  diffused  oxide.  The  top  figure  refers 
to  voltage  displacements  AVp  measured  under  positive  bias,  the  bottom  figure 
refers  to  voltage  displacements  AVp  measured  under  negative  bias.  Data 

-2 

were  obtained  at  room  temperature,  at  an  avalanche  fluence  F,  "v  0.2  C-cra 

A 
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FIG.  13.  Oxide  trapped  charge  characteristics  calculated  from  the  data  of 
Fig.  12.  The  calculations  are  described  in  the  text. 

FIG.  14.  Oxide  trapped  charge  characteristics  calculated  from  the  data 
of  Fig.  12.  The  calculations  are  described  in  the  text. 

FIG.  15.  Flat  band  voltage  shifts  resulting  from  avalanche  injection  of 

electrons  into  water  diffused  oxides.  All  data  were  measured  at  120°C, 

-2 

using  an  avalanche  injected  average  current  density  of  60(jA-cm 

FIG.  16.  Normalized  flat  band  voltage  shifts  resulting  from  avalanche 

injection  of  electrons  into  water  diffused  oxides.  These  data  runs  are  the 

-2 

same  as  shown  in  Fig.  15,  weighted  by  the  quantity  dQ^  and  normalized  to 
the  data  obtained  on  the  sample  with  dQx  *  98  nra. 

FIG.  17.  Average  flat  band  voltage  shift  resulting  from  avalanche  injection 

of  electrons  into  water  diffused  oxides.  Each  data  point  is  the  statistical 

average  of  a  data  run  similar  to  those  shown  in  Fig.  15,  to  a  fluence 
_2 

F  'vO.l  C-cm  .  All  data  were  obtained  at  a  temperature  of  120°C. 

A 

FIG.  18.  Average  flat  band  voltage  shift  resulting  from  avalanche  injection 

of  electrons  into  water  diffused  oxides.  Each  data  point  is  a  statistical 

average  of  a  data  run  similar  to  those  shown  in  Fig.  15,  to  a  fluence 
_2 

F,  0.01  C-cm  .  All  data  were  obtained  at  a  temperature  of  120°C. 
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FIG.  19.  Interface  state  distribution  resulting  from  avalanche  injection 

of  electrons  into  a  water  diffused  oxide.  Data  were  obtained  subsequent  to 

-2 

an  avalanche  injection  fluence  F  'v.  0.2  C-cm  ,  at  room  temperature. 

A 

FIG.  20.  Flat  band  voltage  shifts  resulting  from  avalanche  injection  of 
electrons  into  water  diffused  oxides,  measured  at  22°C.  These  data  runs 
were  made  on  different  electrodes  on  a  single  half-wafer. 

FIG.  21.  Flat  band  voltage  shifts  resulting  from  avalanche  injection  of 

electrons  into  water  diffused  oxides.  These  data  runs  are  the  same  as  those 

exhibited  in  Fig.  20,  replotted  as  a  function  of  the  avalanche  injection 

electron  fluence  F  =  I  •  t  . 

AAA 

FIG.  22.  Flat  band  voltage  shifts  resulting  from  avalanche  injection  of 
electrons  into  water  diffused  oxides,  measured  at  22°C.  The  three  different 
MOS  samples  were  prepared  under  identical  conditions,  except  for  the  H^O 
partial  pressure  during  separate,  but  otherwise  identical,  diffusion  steps. 

FIG.  23.  MOS  device  charging  curves  obtained  on  a  dry  control  oxide  which 
had  been  given  a  postmetallizat ion  anneal  (forming  gas  ambient  at  400°C  for 
thirty  minutes).  The  two  lower  curves  were  obtained  from  data  similar  to 
that  in  Fig.  2.  The  top  curve  was  calculated  (see  text). 

FIG.  24.  MOS  device  charging  curves  obtained  on  a  dry  control  oxide  (no 
PMA) .  The  two  lower  curves  were  obtained  from  data  similar  to  that  in 
Fig.  2.  The  top  curve  was  calculated  (see  text). 
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FIG.  25.  MOS  device  charging  curves  obtained  on  a  water  diffused  oxide.  The 
two  lower  curves  were  obtained  from  data  similar  to  that  in  Fig.  3.  The 
top  curve  was  calculated  (see  text). 

FIG.  26.  MOS  device  charging  curves  obtained  on  a  water  diffused  oxide. 

The  two  lower  curves  were  obtained  from  data  similar  to  that  in  Fig.  3.  The 
top  curve  was  calculated  (see  text). 

FIG.  27.  Kinetics  of  positive  interface  charge  buildup.  Construction  of 
this  curve  from  the  Q  charging  curves  in  Figs.  23  and  25  is  described 
in  the  text.  The  dash  lines  are  exponential  functions  fitted  to  the  points 
at  larger  fluence  values. 
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P.O.  BOX  8  -  BLDG  K-l,  RM5C4 

SCHENECTADY,  NY  12301 
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DR.  L.  E.  HALLIBURTON 
PHYSICS  DEPARTMENT 
OKLAHOMA  STATE  UNIVERSITY 
STILLWATER ,  OK  74074 

DR.  GARY  W.  HUGHES 
RCA  LABORATORIES 
PRINCETON ,  NJ  08540 

DR.  GEORGE  HEILMEIER 
VICE  PRESIDENT  CORPORATE  RESERACH 
DEVELOPMENTAL  ENGINEERING 
TEXAS  INSTRUMENTS,  INC.* 

P.O.  BOX  225474,  M/S  400 
DALLAS,  TX  75265 

DR.  JAMES  WURZBACH 
M.S.  189-1 

SEMICONDUCTOR  TECHNOLOGY  GROUP 
JET  PROPULSION  LABORATORY 
4800  OAK  GROVE  DR 
PASADENA,  CA  91125 

DR.  THOMAS  HICKMOTT 

IBM  RESEARCH  CENTER,  11-263 

P.O.  BOX  218- 

YORKTOWN  HEIGHTS,  NY  01598 

MR.  CHARLES  E.  HOLLAND 
NAVAL  OCEAN  SYSTEMS  CENTER 
CODE  923 

271  CATALINA  BOULEVARD 
SAN  DIEGO,  CA  02152 


DR.  R.  C.  HUGHES 
SANDIA  LABORATORIES 
ALBUQUERQUE,  NM  87115 

MR.  HAROLD  HUGHES 
CODE  5216 

NAVAL  RESEARCH  LABORATORY 
WASHINGTON  DC  20390 
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DR.  EDWIN  T.  HUNTER  1 

U.S.  ARMY  ELECTRONICS  TECHNOLOGY 
AND  DEVICE  LABORATORY  (ERADCOM) 

DELET-I 

FORT  MONMOUTH,  NJ  07703 

INTEGRATED  CIRCUITS  LABORATORY  1 

ATTN:  MR.  JOHN  P.  KENNEDY 
STANFORD  UNIVERSITY 
STANFORD ,  CA  94305 

DR.  EUGENE  A.*  IRENE  1 

IBM  RESEARCH  CENTER,  7-131 
P.O..  BOX  218 

YORKTOWN  HEIGHTS,  NY  10598 

DR.  R.  J.  JACCODINE  .  1 

BELL  LABS,  DEPT  2153 
555  UNION  BLVD 
ALLENTOWN,  PA  18103 

DR.  NOBLE  M.  JOHNSON  1 

XEROX  PALO  ALTO  RESEARCH  LABS 
3333  COYOTE  HILL  RD 
PALO  ALTO,  CA  94304 

PROF.  WALTER  C.  JOHNSON  1 

DEPT  OF  ELECTRICAL  ENGINEERING 
PRINCETON  UNIVERSITY 
PRINCETON ,  NJ  08540 

UNIVERSITY  OF  CALIFORNIA  1 

LAWRENCE  LIVERMORE  LABORATORY 
ATTN:  MR.  R.  KALIBJIAN  (L-156) 

P.O.  BOX  808 
LIVERMORE,  CA  94550 

DR.  JACK  S.  KILBY 
5924  ROYAL  LANE 
SUITE  150 
DALLAS,  TX  75230 
• 

DR.  NICHOLAS  KLEIN 
ISRAEL  INSTITUTE  OF  TECHNOLOGY 
HAIFA  32000 
ISRAEL 
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DR.  GEORGE  H.  SIGEL,  JR.  1 

SOLID  STATE  DIVISION 
CODE '6440 

NAVAL  RESEARCH  LABORATORY 

WASHIMCTflM-flC — -  " 

DR.  MAYRANT  SIMONS 

RESEARCH  TRIANGLE  INSTITUTE  1 

P.O.  BOX  12194 

RESEARCH  TRIANGLE  PARK,  NC  27709 
DR.  GEORGE  E.‘ SMITH 

ROOM  2A-323  1 

MOS  DEVICE  DEPARTMENT 

BELL  LABORATORIES 

600  MOUNTAIN  AVE 

MURRAY  HILL,  NJ  07974 

MR.  JACK  SMITH 

LOCKHEED  PALO  ALTO  RSCH  LAB.  1 

3251  HANOVER  ST. 

PALO  ALTO,  CA  94304 

DR.  JOSEPH  SCOTT  . 

RCA  LABORATORIES 
PRINCETON,  NJ  08540 
« 

MR.  JOSEPH  R.  SROUR  1 

1  RESEARCH  PARK 

PALOS  VERDES  PENINSULA,  CA  90274 

MR.  MORTON  STITCH  1 

MCDONNELL  DOUGLAS  ASTRONAUTICS 
CO-EAST 

BLDG  106,  RM  306 
ST  LOUIS,  MO  63116 

MR.  ROBERT  SUN 
BELL  LABORATORIES 
555  UNION  BLVD 
ALLENTOWN,  PA  18103 
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MR.  CHARLES  R.  SUMAN  (ELEX  504511) 
NAVAL  ELECTRONICS  SYSTEMS  COMMAND 
department  of  the  navy 

WASHINGTON  DC  20360 

RADC/ESR ,  STOP  64 

ATTN:  DR.  PATRICK  J.  VAIL 

HANSCOM  AFB,  MA  01731 

DR.  RICHARD  REYNOLDS 
OFFICE  OF  DIR  FOR  MATERIALS 
SCIENCES 
DARPA 

1400  WILSON  BLVD 
ARLINGTON,  VA  22209 

DR  HOWARD  K.  ROCK STAN 
MICRO-BIT  CORPORATION 
40  HARTWELL  AVE 
LEXINGTON,  MA  02173 

MR.  SVEN  ROOSILD 
DARPA 

DEFENSE  SCIENCES  OFFICE 

1400  WILSON  BLVD 

ART  rMr.THM.  VA  22209 _ 

DR.  FREDERICK  ROTHWARF  ( AMSEL-TL-ES)j 
ELECTRONICS  TECHNOLOGY  &  DEVICES  LAB 
US  ARMY  ELECTRONICS  COMMAND 
FORT  MONMOUTH,  NJ  07703 

MR.  S.  C.  ROGERS 
RDA 

P.O.  BOX  9695 

MARINA  DEL  RAY,  CA  90291 

PROF.  C.  T.  SAH 

DEPT  OF  ELECTRICAL  ENGINEERING 
UNIVERSITY  OF  ILLINOIS 
URBANA,  IL  61801 
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SANDIA  CORPORATION  1 

ATTN;  DOCUMENT  CONTROL 
P.O.  BOX  5800 
ALBUQUERQUE,  NM  87115 

DR.  ARJUN  N.  *SAXENA  1 

DATA  GENERAL  CORPORATION 
433  N.  MATHILDA  AVE 
SUNNYVALE ,  CA  94086 

DR.  MAX  J.  SCHULZ  .  1 

INST.  APPL.  SOL.  STATE  PHYSICS 
D-7800  FREIBERG 
WEST' GERMANY 

DR.  G.  H.  SCHWUTTKE 

IBM  EAST  FISHKILL  LABORATORIES  1 

HOPEWELL  JUNCTION,  NY  12533 

MR.  HAROLD  D.  TOOMBS 

MS  72  1 

Tr  (AS  INSTRUMENTS,  INC. 

.  ..  BOX  5474 

DALLAS,  TX  75222 

DR.  J.  F.  VERWEY 

PHILIPS  RESEARCH  LAB  1 

NV  PHILIPS  CLOERLAMPEN  LAB 
EINDHOVEN,  THE  NEVERLANDS 

DR.  C.  R.  VISWANATHAN  1 

SCHOOL  OF  ENGIN.  AND  APPL.  SCIENCE 
UNIVERSITY  OF  CALIFORNIA 
LOS  ANGELES,  CA  90024 

HR.  STANLEY  £.  WAGNER 

AFAL/DHE  1 

AIR  FORCE  AVIONICS  LABORATORY 
WRIGHT-PATTERSON  AFB ,  OH  45433 

DR.  Z.  A.  WEINBERG 

IBM  RESEARCH  ’  *30RAT0RIES  ’  1 

P.O.  BOX  218 

YORftTOWN  HEIGHTS,  NY  10598 
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DR.  MARVIN  H.  WHITE  1 

WESTINGHOUSE  ELECTRIC  CORP. 

ADVANCED  TECHNOLOGY  LABORATORIES 
BALTIMORE,  MD  21203 

DR.  CARL  W.  WILMSEN  1 

DEPT  OF  ELECTRICAL  ENGINEERING 
COLORADO  STATE  UNIVERSITY 
FORT  COLLINS,  CO  80523 

DR.  P.  S.  WINOKUR  1 

HARRY  DIAMOND  LABORATORIES 
2800  POWDER  MILL  RD 
ADELPHI ,  MD  20783 

1 

DR.  HORST  W1TTMAN 
US  ARMY  RESEARCH  OFFICE 
T.O.  BOX  12211 

RESEARCH  TRA1NGLE  PARK,  NC  2770 

DR.  EDWARD  D.*  WOLF  L 

NATIONAL  SUBMICRON  FACILITY 
CORNELL  UNIVERSITY 
ITHICA,  NY  14850 
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MISSION 

of 

Rome  Air  Development  Center 

RAVC  pla.ni>  and  executes  research,  development,  test  and 
selected  acquisition  programs  -in  s upport  o f  Command,  Control 
Communications  and  Intelligence  (C3I)  activities.  Technical 
and  engineering  support  within  areas  o f  technical  competence 
is  provided  to  ESV  Program  Offices  (POs)  and  otheA  ESV 
elements.  The  principal  technical  mission  areas  are 
communications,  electromagnetic  guidance  and  control,  sur¬ 
veillance  of  ground  and  aerospace  objects,  intelligence  data 
collection  and  handling,  information  system  technology, 
ionospheric  propagation,  solid  state  sciences,  microwave 
physics  and  electronic  reliability,  maintainability  and 
compatibility. 


Printed  by 

United  States  Air  Force 
Hanscom  AFB,  Moss.  01731 


